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Zusammenfassung

Fiir die Suche nach Supersymmetrie am LHC sind Endzustdnde mit Tau-Leptonen durch die
starkere Kopplung an die dritte Generation fiir grofie Teile des Parameterraums von grofiem
Interesse. Im Rahmen einer Suche nach Supersymmetrie mit Tau-Leptonen im Endzustand
werden in dieser Arbeit Methoden vorgestellt um die Untergriinde von W+jets, Top-Quarks
und QCD-Multijet Produktion zu bestimmen. Sowohl Prozesse mit echten Tau-Leptonen
und echter fehlender transversaler Energie durch nicht-wechselwirkende Teilchen, als auch
Prozesse mit fehlidentifizierten Tau-Kandidaten oder fehlender transversaler Energie durch
Detektoreffekte, bilden Untergriinde fiir diese Suche. Fiir die vorgestellte Analyse werden
Daten von pp-Kollisionen bei einer Schwerpunktsenergie von /s = 7 TeV benutzt, die im
Jahr 2011 mit dem ATLAS-Detektor aufgezeichnet wurden. Die gesamte integrierte Lumino-
sitdt des analysierten Datensatzes betragt £ = 2.05fb !

Der Zerfall von W-Bosonen bildet den dominanten Untergrund dieser Suche. Fehlende trans-
versale Energie kann hierbei durch nicht im Detektor nachgewiesene Neutrinos erzeugt
werden. Anhand verschiedener Kontrollregionen wird dieser Untergrund aus Daten abge-
schétzt. W-Bosonen konnen direkt produziert werden oder tauchen als Zerfallsprodukte von
Top-Quarks auf. Diese beiden Beitrdge werden getrennt abgeschatzt.

Es wird erwartet, dass der Untergrund von QCD-Multijet Produktion klein ist im Vergleich
zu den restlichen betrachteten Untergriinden. Um unabhéngig von der Monte-Carlo Simu-
lation zu sein wird dessen Grofienordnung jedoch mit einer datengestiitzen Methode abge-
schatzt.

Abschliefiend werden die Resultate der Suche nach supersymmetrischen Teilchen, basierend

auf der in dieser Arbeit vorgestellten Abschitzung der Untergriinde, zusammengefasst.

Abstract

Final states with tau leptons hold promise for sensitivity to the search for supersymmetry at
the LHC due to the enhanced couplings to the third generation for large parts of the para-
meter space. In the context of an inclusive search for supersymmetry with tau leptons in the
final state, methods are presented to estimate the backgrounds from W+jets, top quarks and
QCD-multijet production. Processes involving real tau leptons and real missing transverse
energy from non-interacting particles, as well as processes with misidentified tau candid-
ates or missing transverse energy due to detector effects are possible backgrounds for this
search. In the presented analysis pp-collision data at a center-of-mass-energy of /s = 7 TeV
recorded by the ATLAS detector in 2011 are used. The analysis is based on a dataset with an
integrated luminosity of £ = 2.05fb~1.



The dominant background comes from W boson decays. Missing transverse energy in the
event can be caused by neutrinos that leave the detector without interacting. W bosons can
either be directly produced in association with jets or in the decay of top quarks. The two
contributions are estimated separately.

The background from QCD-multijet production is expected to be small compared to the
backgrounds from W+jets and top production. A data-driven estimate is performed to be
independent of the Monte-Carlo simulation.

In conclusion the results of the search for supersymmetric particles, based on the background

estimation methods presented in this thesis, are summarized.
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Chapter 1 Introduction

Everything we know today about matter and the forces between it, is summarized in a
well-established framework, the Standard Model of particle physics. It describes all known
elementary particles and their interactions, but, in spite of its success in the description of
currently observable phenomena of particle physics, it has several shortcomings and does
not hold at high energies. Therefore it can only be regarded as a low energy approximation
of an underlying theory.

One possible model to address the open questions in the Standard Model is Supersymmetry,
an attractive model that introduces a symmetry between fermions and bosons. In super-
symmetric extensions of the Standard Model every particle has at least one superpartner
differing in spin by 1/2 but with the same other quantum numbers. Since no supersymmet-
ric particles have yet been observed, supersymmetry has to be broken to allow for different
masses of particles and their superpartners. For many supersymmetric scenarios the coup-
ling to the fermions of the third generation is enhanced with respect to the fermions of the
first and second generation, thus final states with tau leptons hold promise for sensitivity to
searches for supersymmetric particles.

The Large Hadron Collider, a particle accelerator located at CERN near Geneva, allows for
a search for particles that were not accessible with former experiments, due to the very high
center-of-mass energy of up to 14 TeV.

A crucial task of all searches for new physics is the understanding of the background due to
already known processes. In this thesis an inclusive search for supersymmetry in final states
with tau leptons, missing transverse energy and jets is presented. The main emphasis is
on the estimation of the backgrounds. Background contributions from the production of W
bosons in association with jets, top quarks and QCD-multijet events are considered. W+jets
and top production are important backgrounds due to the tau leptons that can be produced
in the decay of W bosons. Missing transverse energy in these events can be caused by neut-
rinos that leave the detector without interacting. In addition to events with real tau leptons,
also events where a jet or light lepton is misidentified as a tau lepton contribute to the total
background from W+jets and top.

The background from QCD-multijet events is expected to be small compared to the contri-
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butions from W+jets and top, but it is crucial to estimate this background from data due to

the high production cross-section of these processes.

The thesis is structured in the following way: First an introduction to the Standard Model
of particle physics and its supersymmetric extension is given in chapter 2. Subsequently
chapter 3 provides an overview of the experimental setup, followed in chapter 4 by a de-
scription of the methods for reconstructing the physics objects used in this analysis. The
object selection is presented in chapter 5. The main part of this thesis is the estimation of the
W+jets and top backgrounds in chapter 6 and the estimation of the background from QCD-
multijet production in chapter 7. In chapter 8 the systematic uncertainties on the background

estimates are discussed and chapter 9 shows the obtained results.



Chapter 2 Theory

This section gives a short introduction to the Standard Model of particle physics, the mo-
tivation for searching for physics beyond the Standard Model and concludes with the basic

concepts of the supersymmetric extension.

2.1 The Standard Model of particle physics

Everything known today about elementary particles and their interactions is described in
an extremely successful framework called “the Standard Model of particle physics”. An
educational introduction to the Standard Model can be found for example in [1]. In this
chapter, only an overview of the concepts of the theory, as it is needed for this thesis, is

given.

2.1.1 The particle spectrum

The particle content of the Standard Model, summarized in table 2.1, can be divided into

two classes: fermions, which carry spin 1/2, and bosons with integer spin.

Fermions

The fermions - also called matter particles - can again be divided into two classes: quarks,
the constituents of the protons and neutrons, and leptons, like the well-known electron. The
difference between quarks and leptons is the fact that quarks carry color charge and take part
in strong interactions while leptons do not. Both types of fermions, quarks an leptons, are
arranged in three generations with the second and third generation particles being “heav-
ier copies” of their first-generation counterparts, differing only in their masses. The first
generation in the quark-sector consists of the up- and down quark (1 and d), followed by
the second generation charm and strange quarks (c and s) and the third generation top and
bottom quarks (t and b). The first quark of each generation is called “up-type” quark and
has an electric charge of (+2/3)!, the second is a “down-type” quark with electric charge

Lin units of the electric charge of the electron e = 1.6 x 10719 ¢C.
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Generation
spin | charge
I II 10
1 e u T
leptons 1/2
0 Ve Vy Vg
2/3 |u ¢ t
quarks 1/2
-1/3 |d ¢ ot
0 gt
0 8
gauge bosons | 1
0 VA
+1 W=

Table 2.1: Overview of the particle spectrum of the Standard Model.

(—=1/3).

In the lepton sector, the first family is comprised of the electron (e) and its associated neut-
rino (v,). The two heavier copies of the electron, the muon (y) and the tau lepton (7),
together with their corresponding neutrinos complete the lepton sector. Electron, muon and
tau lepton have an electric charge of —1 by definition. The neutrinos are electrically neutral.
For all particles there also exists an anti particle with identical mass and spin, but opposite
values for all other non-zero quantum numbers.

The visible matter is exclusively formed by fermions from the first generation.

Bosons

The interactions of the particles are mediated via the exchange of gauge bosons. Every
fundamental force described by the Standard Model has its associated boson(s).

e The photon 7 is the massless mediator of the electromagnetic interaction and couples
to the electric charge of the particles, thus only the quarks and, charged leptons and
the W+ “feel” the electromagnetic force.

e Eight massless gluons g carry the strong force, which binds the quarks in the nucleons
and ultimately in the atomic nucleus. Gluons only couple to particles carrying color
charge, the quarks and gluon themselves. Leptons and other bosons do not take part

in the strong interactions
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The Standard Model of particle physics

interaction couples to relative strength | mediator(s) mass(es) (GeV)
strong color charge 1 8 gluons (g) 0
electromagnetic | electric charge 1x1073 photon () 0
mpy+ = 80.399 £+ 0.023
weak weak charge 1x 1014 W=,z
myz =91.1876 + 0.0021

Table 2.2: Interactions in the Standard Model, their relative strengths and the corresponding
mediators. The relative strengths depend on the scale and the distance and thus should not
be taken literally. Adapted from [2].

e The three vector bosons W* and Z mediate the weak interaction that all particles are

subjected to.

The relative strengths of the forces, together with the associated gauge bosons are summar-
ized in table 2.2.

The Higgs boson is the only particle of the Standard Model that has not been experiment-
ally observed. It is needed to explain the masses of the massive gauge bosons W* and Z

and all other Standard Model particles through Yukawa coupling to the Higgs field.

2.1.2 Mathematical description of the Standard Model

The three forces of the Standard Model are described by quantum field theories (QFT). The
oldest of these quantum field theories is the description of the electromagnetic interaction
between electrically charged particles, called quantum electrodynamics (QED). Quantum
chromodynamics (QCD) describes the strong interaction of particles with color charge and
the weak force is described in the Glashow-Salam-Weinberg model by unification of the
electromagnetic and the weak interaction.

Quantum electrodynamics (QED)

Quantum electrodynamics describes the interaction of (electrically) charged particles through
the exchange of photons. Since it is the easiest description of a QFT in the Standard Model,
it is used here to illustrate the general concept.

In classical mechanics the motion of a particle in space can be described by introducing a

Lagrangian L that is a function of the (generalized) coordinates q; and their time derivatives
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gi. In quantum field theory, the subject of interest is not the particle itself, but the fields
$i(x,y,z,t) and the particles are regarded as excited states of these fields.

In analogy to classical mechanics, quantum field theory starts with a Lagrangian density £,
which is a function of the fields ¢; and their spatial (x,y,z) and time (¢) derivatives. The
Lagrangian density of a particle with spin 1/2 and mass m, to describe fermions, is

L = ipy"o,p —myy . (2.1)

The 0, are the time and space derivatives and 7" denote the Dirac matrices, which can be
found for example in [1]. This Lagrangian density is invariant under global phase transforma-
tions of the form

v — ey, R (2.2)

If a phase factor, different at different space-time points (6 — 6(x)) is applied to the
Lagrangian density, this is called a local phase transformation. It shows that £ is not invariant
under these transformations.

Demanding £ to also be invariant under local phase transformations leads to a changed
Lagrangian density £ that introduces a new field A, transforming according to the rule

Ay — Ay + 9y (—g). It includes a term describing a coupling of this new field A, to ¥:

L'=L— (qpy'y) Ay (2.3)
For this changed Lagrangian density to be locally gauge invariant one more term, describ-
ing the free motion of A;, has to be added:
W 24
= L'~ [FuF" 4
This Lagrangian density is now locally gauge invariant if the field A, is massless and
hence can be identified as the field of the photon 1y, coupling to i via the electric charge 4.
Fyy is the field strength tensor known from the classical description of electrodynamics (see for
example [3]).
The phase transformation defined in equation (2.2) can be thought of as the multiplication
of ¢ with a 1 x 1 unitary matrix U

p—Uyp withU'U=1. (2.5)

The group of all such matrices is U(1), hence the underlying symmetry is called U(1) gauge
invariance.
This general scheme of starting with a Lagrangian density for the particles that are to be de-

scribed and then demanding local gauge invariance is common to all quantum field theories
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f

Figure 2.1: The elementary vertex of QED.

in the Standard Model.

The new Lagrangian density £” can be regarded as comprised of two terms, the free
Lagrangian and the interaction terms L;,;. To use this Lagrangian to describe particles (in
this case fermions) and their interactions, it is translated into a set of rules, the so-called
Feynman Rules. These rules can then be used to calculate the transition probability of a given
initial state to a final state with the help of perturbation theory. The Feynman Rules are not
only a very powerful tool for calculating the transition probabilities, but can also be used
as a graphical representation (The Feynman Diagrams) of the process under study.? While
Feynman Diagrams are a good pictorial representation of a physics process, they should not
be regarded as showing the true motion of the particles in space-time.

Figure 2.1 shows the elementary interaction of QED that is obtained from £”. With the
help of this single vertex all processes between fermions through the exchange of photons
can be described. To calculate the full transition probability for a given physics process, for
example electron-muon scattering ey — ey, an infinite number of these diagrams need to
be calculated and added up. Fortunately, in many cases higher order diagrams only lead to
corrections to the leading order (“tree-level”) calculation. The leading order and an example

for a next-to-leading order correction for electron-muon scattering is shown in figure 2.2.

Quantum chromodynamics (QCD)

Quantum chromodynamics describes the strong interaction of particles carrying color charge.
Each quark flavor comes in three different colors - red, blue and green. The free Lagrangian
density is the same as in equation 2.1, again to describe particles with spin 1/2, but in QCD
§ now stands for the three-component column vector

2The time axis for all Feynman diagrams in this document is horizontal.
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Figure 2.2: Feynman diagrams for electron-muon scattering. Tree level (left), example for a
next to leading order correction (right).

q
g 8 &
8
8 § &
q
Figure 2.3: Possible vertices of QCD.

Pr
P = | - (2.6)

Pg

The Lagrangian density is again invariant under global transformations of the form ¢ —
Uy, this time U is a unitary 3 x 3 matrix, hence the underlying symmetry of QCD is SU(3).

In analogy to QED, local gauge invariance is demanded leading to a modified Lagrangian
density that includes eight gauge fields representing the eight gluons in QCD.
The fact that gluons themselves carry color charge leads to three different possible vertices
in QCD. In addition to the ggq¢ vertex, the QCD-equivalent of figure 2.1, a three-gluon vertex
and a four-gluon vertex is possible. The three vertices are shown in figure 2.3.

The three-gluon and four-gluon vertices lead to an increase of the coupling strength if
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Vi u f

I d f

Figure 2.4: Vertices of the weak interaction.

the distance between two quarks is increased. The result of this is that quarks and gluons®
cannot be observed as free particles, but are bound in color neutral hadrons. This is called

confinement.

Electroweak unification

The weak interaction, most prominently seen in the p-decay of atomic nuclei, can only be

explained together with the electromagnetic force in a combined electroweak theory. This has

first been accomplished by Glashow, Salam and Weinberg by defining the hypercharge Y. Y

links the electric charge Q with the isospin operators T', the generators of the weak force, by:
1

Q=T+ 5V (2.7)

The hypercharge generates a U(1) symmetry as described in section 2.1.2, while the three
isospin-operators have a SU(2)* structure.
As a consequence this yields three gauge fields W,i from the SU(2)-part and one gauge field
B, from the U(1) symmetry. Mixing of the W' fields leads to two charged, massive bosons
W+ = % (W]} F iWﬁ). The neutral bosons Wﬁ and B, mix to one massive field Z, and one
massless field A;, the photon field.

Ay, = By costy + Wg sin 6, (2.8)
Z, = — By sin 6y, + Wy cos 0, (2.9)

with the electroweak mixing angle 0.
The three vertices of the weak interaction are shown in figure 2.4.

3The partons
“The group of unitary 2x2 matrices U with det(U) = 1
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—u/A +u/A
1 1

N

Figure 2.5: Graph of U(¢) (Equation 2.10).

The Higgs mechanism

The Lagrangian density describing the Standard Model forbids terms that involve masses of
the gauge bosons. To generate the masses of the massive gauge bosons W+ and Z a concept
called spontaneous symmetry breaking is applied.

The general idea is to introduce two scalar fields ¢; to the Lagrangian that generate a poten-
tial term of the form

1 1
U(g) = —5p*¢* + ;A% (210)
in a way that the Lagrangian itself is invariant under rotations in the ¢, ¢» space. Figure 2.5
shows the form of this potential for one of the ¢;. Demanding the ground state of the field
to be stable, it shows that while the Lagrangian is invariant under this symmetry (this can
be thought of as a reflection at the vertical axis of figure 2.5), the ground state (the minimum

of the potential) of the system is not. This is called spontaneous symmetry breaking.

By breaking the SU(2) x U(1) symmetry of the electroweak description in the Standard
Model, four massless Goldstone bosons appear in the theory. They can be regarded as four
degrees of freedom of which three can be used to generate masses for the three massive
gauge bosons W* and Z°. The remaining degree of freedom leads to one massive, scalar,
electrically neutral boson, the Higgs boson.

The Higgs boson is also responsible for the masses of the fermions, which are assumed
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Vr

T Ve, 1/}llu

e, u,d
Figure 2.6: Feynman diagram for the decay of a tau lepton into light leptons or quarks.

to have Yukawa couplings to the Higgs field. These couplings generate mass terms in the
Lagrangian density after the spontaneous symmetry breaking.

2.1.3 The tau lepton

Considering that the aim of this thesis is to present a search involving tau leptons, the most
important properties of the tau lepton are discussed - especially the differences to the lighter
charged leptons, the electron and muon, concerning the experimental observations.

With a mass of m, = (1776.84 £ 0.17) MeV [4], roughly 2000 times the mass of the electron,
the tau lepton is by far the heaviest lepton, exceeding the mass of the lightest mesons. It has
a mean lifetime of (2.1970190 = 0.0000021) x 10~®s. In contrast to the muon, which can
only decay via y — v, + e + 1, into an electron and two neutrinos, the tau lepton can also
decay into quarks which then hadronize forming a spray of particles. This is shown in
figure 2.6. The branching ratio into hadrons is about 65% and the different hadronic decay
modes of the tau lepton can be classified according to the number of charged daughter
particles. Table 2.3 shows the different decay modes of the tau lepton with one charged track
(1-prong) and three charged tracks (3-prongs) and their branching fractions. Since the decay
products of non-hadronic tau decays cannot be distinguished from directly produced light
leptons (prompt leptons), the term “tau lepton” in the context of this analysis always implies
a hadronic decay.

2.1.4 Limitations of the Standard Model

Although the Standard Model is a very successful theory that withstood all experimental
tests over a large range of energies, there are limitations in the Standard Model. In the

following these limitations are discussed.
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decay channel No. of prongs BR [%]
T Vs 1 16.8
v, 1 39.4
=00, 1 14.4
TRt U 3 14.4
-t vy 3 7.1

Table 2.3: Most prominent hadronic decay-channels of the tau lepton and their branching
fractions.

Gravitation

In addition to the three forces described by the Standard Model, there is also the gravitational
force, whose strength is about 40 order of magnitudes smaller than the electromagnetic force,
but still has a large influence at large mass scales, due to its infinite range. Within the
Standard Model there is no explanation of the gravitational force between particles. Since
gravitation is so small, it only starts to play a role at energies orders of magnitudes larger
than what can be accomplished with particle physics experiments.

The hierarchy problem

Although the Higgs boson is yet to be discovered, its mass is known to be between 114 GeV
and 155GeV at the 95% confidence level. The lower bound is set by direct searches done at
the LEP® experiments at CERN, the upper bound is set only in 2011 by the ATLAS collab-
oration [5]. Indirect electroweak measurements exclude Higgs masses of 185 GeV and above.
Since the Higgs boson is a scalar particle, its mass can include large corrections by loop dia-
grams and hence can be thought of as a bare mass, mg pare, and the possible loop corrections
Am?;:

MYy = M3 pare + A (2.11)

All fermions and the electroweak gauge bosons can appear in loop diagrams and contrib-
ute to the mass of the Higgs boson. The contributions from fermions are proportional to the
coupling to the Higgs field and the mass of the fermion.

These loop corrections are quadratically divergent. This can be avoided by introducing a

5Large Electron Positron
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Figure 2.7: Contribution to the Higgs mass from a loop diagram involving the top quark.

cut-off scale A that sets the scale up to which the theory should remain valid:

A
Am%i, fermion & )Lf ’ |:_A2 + m} In <mf>:| +..., (2.12)

where A¢ and m; denote the coupling of the fermion to the Higgs field and its mass.
Figure 2.7 depicts the contribution from the top quark to the Higgs mass, which is the largest
fermionic contribution due to the high mass of the top quark.

Loop corrections from bosons contribute with a relative minus sign compared to the con-

tributions from fermions, but are considerably smaller and cancel the effect only to a small
fraction.
The relatively small Higgs mass can be explained by “fine-tuning” the value of mp p4. to
Amy. 1If the Standard Model is valid up to the Planck scale Mp ~ 10" GeV, the scale at
which the effect of gravitation starts to play a role, the value of the bare Higgs mass has to
be fine-tuned to 34 orders of magnitude, which seems to be very unnatural.

Unification of the couplings

The idea of a grand unified theory6 is, that at a certain energy scale all interactions of the
Standard Model can be unified to a single interaction with a larger symmetry which is
broken at smaller energies, leading to the interactions observed and explained in the Stand-
ard Model.

This also means that the coupling constants, describing the strengths of each of the inter-
actions, which change depending on the energy scale, meet at the GUT scale. Within the
Standard Model the running of the coupling can be calculated and it is seen that the coup-
ling constants do not meet. This is shown in figure 2.8. The calculation of the evolution of
the coupling constants with the energy can be found for example in [6].

5GUT
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Figure 2.8: Evolution of the SU(3) x SU(2) x U(1) gauge couplings to high energy scales,
using the one-loop renormalization group equations of the Standard Model. The double line
for a3 indicates the current experimental error in this quantity; the errors in a; and a, are
too small to be visible. Taken from [6].

Dark matter

Observations of the rotational speed of galaxies show that there has to be a type of massive
matter in our universe that does not interact electromagnetically, hence dark matter. It makes
up about 85% of all matter in the universe. The only particles in the Standard Model that
could explain the dark matter are the neutrinos, which are known to have small, but non-
zero masses. By observation of the dark matter, however, it has been found that dark matter
develops large-scale structures that neutrinos could not form due to the high speed they are
traveling at. This means that there is no candidate in the Standard Model that can explain
dark matter.

In addition, cosmological observations of the expansion of the universe have shown that
~ 74% of the energy density of the universe is caused by something entirely different called
dark energy.

Figure 2.9 shows the contributions to the energy density of the universe split up in con-
tributions from dark energy, dark matter and baryonic matter. The Standard Model only
describes the distinguished part.

The non-unification of the couplings at large energy and the hierarchy problem are more
of an esthetical than a real problem of the theory, since the hierarchy problem can be over-
come by fine-tuning as described and the idea of the unification of the coupling strengths at

high energies silently assumes that a grand unified theory exists.
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Dark Energy

Wble Matter

Dark Matter

Figure 2.9: Representation of the energy density of the universe, split up in contributions
from dark energy, dark matter and visible baryonic matter. Only the later is described by the
Standard Model.

The clearest hint that the Standard Model cannot be an inclusive theory of particle physics
is the observation of dark matter. A theory, no matter how successful, that is only able to

describe a small fraction of the energy content in the universe can only be part of the answer.

2.2 Supersymmetry

The success of the Standard Model in describing all experiments can not be ignored when
looking for physics beyond the Standard Model. A theory called supersymmetry (SUSY) can
be used to remedy several of the limitations of the Standard Model. It is an extension of the
Standard Model with an additional symmetry between bosons and fermions. Building up on
the Standard Model gives the possibility to incorporate phenomena studied in the context of
the Standard Model into the theory. A good introduction to the principles of supersymmetry
can be found in [7] and [8]. Again, only a brief introduction to the topic is given.

The main idea behind supersymmetry is the introduction of an operator Q that, when

applied to a fermionic state, yields a bosonic state and vice versa:

Q [boson) o |fermion) , (2.13)
Q |fermion) « |boson) . (2.14)
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Particles related by equations 2.13 and 2.14 are called superpartners.

The operator Q is the generator of the SUSY transformation and is, in contrast to the scalar
generators of the symmetries described in the Standard Model, a two-component spinor and
can therefore link particle states with different spins.

To incorporate such a theory in a four-dimensional quantum field theory, Q and its her-

mitian conjugate Q" must satisfy the following commutation and anticommutation relations:

{Q,Q*} = PV, (2.15)
{Q*,Q+} = {Q,Q} =0and (2.16)
[PP,Q*] = [P%,Q] =0 (2.17)

with the four-momentum operator P¥.
From these relations it follows that superpartners must have the same eigenvalues of the
squared mass operator —P? and therefore equal masses and also have to be members of the

same gauge group leading to the same quantum numbers.

2.2.1 MSSM

The Minimal Supersymmetric Standard Model (MSSM) is the implementation of this idea
with the smallest number of particles needed. Every particle in the Standard Model (with
an exception in the Higgs sector discussed below) has exactly one superpartner differing by
spin of 1/2. The particles and their superpartners (or rather the fields and corresponding
superfields) are arranged in supermultiplets. In the MSSM two types of supermultiplets are
distinguished:

e Chiral supermultiplets, comprising of a spin-1/2 field and a complex scalar field,

e Gauge supermultiplets, built from a spin-1 field and a spin-1/2 field.

The chiral supermultiplets in the MSSM are shown in table 2.4, table 2.5 summarizes the
gauge supermultiplets.
The superpartners of the fermions are called sfermions’, denoted f, and have spin 0%. The

superpartners of the bosons are named by adding -ino at the end of the name®. They have

7for scalar fermions
8the superpartner of the electron e for example is the selectron &
%the superpartner of the W boson is called Wino
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Names spin0 | spin1/2
(i dy) | (updy)
squarks, quarks iy ul
Tk dk

sleptons, leptons

Higgs, higgsinos

Table 2.4: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. Adapted
from [7].

Names spin1/2| spinl

gluino, gluon g g

winos, W bosons | W+, W3 | W+, W3

bino, B boson B B

Table 2.5: Gauge supermultiplets in the Minimal Supersymmetric Standard Model. Adapted
from [7].

spin 1/2.

In addition to that not one but two scalar Higgs-fields are needed to give mass to up-type
and down-type particles and to avoid triangular anomalies. This leads to eight degrees of
freedom. Three of them are absorbed in the masses of the gauge bosons W* and Z. The

remaining degrees of freedom results in five physical Higgs bosons:
e 2 scalar: h, H°,
e 1 pseudoscalar: A,
e 2 charged: H*.

Analogous to the mixing of the W3 and the B in the electroweak unification (see sec-

tion 2.1.2), their spin-1/2 superpartners, the winos and bino, mix. In contrast to the elec-
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Figure 2.10: Possible Feynman Diagram of a proton-decay if both lepton and baryon number-
violating terms are allowed.

troweak mixing, additional particles, the Higgsinos, also have spin-1/2 and hence the ob-
served particles are mixed from winos, bino and the higgsinos. These masseigenstates!® can

be split up in two different classes:

e the electrically charged charginos sz

e the electrically neutral neutralinos x9,.

R-parity conservation

There is, however, a problem with the theory, namely the inclusion of vertices which violate
the conservation of lepton and baryon number, which would allow the proton to decay into
et + 710 shown in figure 2.10. While there is no theoretical limitation, the lifetime of the
proton has been measured to be larger than 10 x 10*! years.

To avoid this caveat a new multiplicative quantum number, Rp (R-parity defined as

RP — (_1)3(B—L)+25 (218)

for each particle with baryon number B, lepton number L and spin s. By demanding this
quantum number to be conserved, processes that violate both the conservation of lepton
and baryon number are forbidden. The R-parity is defined in the way that each Standard
Model particle has Rp = +1, while all superpartners have Rp = —1. This has two major

implications when considering SUSY models with R-parity conservation:

e Superpartners are always produced in pairs

e The lightest supersymmetric particle (LSP) is stable, since it cannot decay into lighter
Standard Model particles.

he gauginos
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Figure 2.11: Contribution to the Higgs mass from a loop involving the superpartner of the
top quark, the stop f.

Solutions to the limitations of the Standard Model

Supersymmetry has solutions for some of the limitations of the Standard Model described
in section 2.1.4.

e When going from global SUSY invariance to local SUSY invariance, as done in some
models, an additional gauge field is needed. This can be interpreted as a spin 3/2
gravitino that forms a supermultiplet with its superpartner, the spin 2 graviton. Grav-
itation can therefore be explained as a mere consequence on demanding local SUSY

invariance.

e Cancellation of loop corrections to the bare Higgs mass. In addition to the fermion
loops in figure 2.7, also the superpartners contribute via loop diagrams to the Higgs
mass. Due to the difference of the spins of the superpartners the corrections cancel
each other. Figure 2.11 shows the loop Feynman diagram for the superpartner of the

top quark. This cancellation happens in every order of the calculation.

e Unification of the coupling constants. In supersymmetric models, the three coupling
constants can meet at high energies. This is shown in figure 2.12. The running of the
coupling constants is sensitive to the different parameters of the SUSY-model and the

possibility of the unification is not a global characteristic of supersymmetry itself.

e A dark matter candidate. In supersymmetric scenarios with R-parity conservation, the
lightest supersymmetric particle is stable. If the LSP would take part in the strong or
electromagnetic interaction it would have become bound to nuclei and atoms. This
would have been found in searches for anomalous isotopes. Hence the lightest super-
symmetric particle must be only weakly interacting.
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Figure 2.12: Evolution of the SU(3) x SU(2) x U(1) gauge couplings to high energy scales,
using the one-loop renormalization group equations of the supersymmetric generalization
of the Standard Model. From [6].

The role of tau leptons in SUSY searches

In the MSSM sfermions of the same family can mix, which gives rise to contributions leading
to a reduction of the sfermion mass eigenvalue. The size of the contribution is proportional
to the mass of the fermion and the ratio of the vacuum expectation values for the two Higgs
doublets, tanB. In the first two generations the mixing gives only a small contribution
due to the small masses. The masses of the left and right handed sfermions are almost
degenerated. In the third generation, the mixing of the left and right handed states lead to
two mass eigenstates that can have a large difference in mass. The lighter of the two mass
eigenstates is in general lighter than the sfermions from the first and second generation.
Especially in scenarios with large tan 3, sfermions of the third generation are produced more
frequently than the superpartners of the lighter fermions, leading to more tau leptons in
the final states compared to lighter leptons. For large tan 8, the coupling of neutralinos and
charginos to tau leptons is enhanced and the decay channels to light leptons might even be
closed.

2.2.2 Supersymmetry breaking

Among the implications of the commutator relations in equations 2.15-2.17 is the demand
that superpartners have equal mass. The fact that no supersymmetric particle has yet been
found at an experiment, although for example the superpartner of the electron ¢, a very
light electrically charged particle with spin 1, should be quite easy to detect, leads to the

conclusion that supersymmetry cannot be a perfect symmetry, but has to be broken. This
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Figure 2.13: The presumed schematic structure for supersymmetry breaking. Adapted
from [7].

implies that the cancellation in the loop corrections to the Higgs mass are not perfect, since
they depend on the masses of the particles in the loop. For supersymmetry to offer a valid
solution to the hierarchy problem, the masses of the supersymmetric partners should not be
too large. This is called “soft”-SUSY breaking and the Lagrangian can be written as

L = Lsusy + LsoFT , (2.19)

where Lsysy is the unbroken part, invariant under SUSY transformations, and Lsopr con-
tains all possible terms that can be added but still protect the Higgs doublets from quadratic
mass renormalization.

This of course raises the question on how this breaking occurs and the amount of free
parameters in SUSY increases considerably due to the now unknown masses of the super-
symmetric particles.

Different models of SUSY-breaking have been studied and are discussed for example in [8].
They all have in common that the origin of the supersymmetry breaking happens in a hidden
sector and the breaking is mediated by flavor-blind interactions between this hidden sector
and the MSSM. This is shown schematically in figure 2.13. The different models of SUSY-
breaking use different particles to mediate between the hidden and the visible sector. A short
introduction to two of these models, the gauge-mediated supersymmetry breaking (GMSB)

and minimal supergravity (mSugra) is given below.

Gauge-Mediated SUSY Breaking (GMSB)

As the name gauge-mediated SUSY breaking already indicates, the effects of the SUSY
breaking from the hidden sector is communicated via Standard Model gauge bosons. On
tree-level the supersymmetry is unbroken in this model, the breaking only occurs through
loop-diagrams involving a new chiral supermultiplet called “messengers”. The model can

be characterized by six parameters:

e The SUSY breaking scale A, which determines the mass scale of the SUSY particles ,
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the mass-scale of the messenger-particles Mmess > A,

the number of introduced messenger fields Ns ,

the ratio of the vacuum expectation values of the two Higgs-doublets tan 3,

the sign of the higgsino mixing-parameter sgn(y) ,

Cgrav > 1, the ratio of the gravitino mass to its value at the breaking scale A. This
determines the lifetime of the second lightest supersymmetric particle (The NLSP).

In this analysis GMSB models in the (A, tan ) plane are studied with the other parameters
of the model fixed to

® Mmess = 250 TeV,
e N5 =3,

o u>0,

o Corav = 1.

The lightest supersymmetric particle is, independent of all parameters, a very light grav-
itino. The NLSP can be either the X(l), the T, or € and ji, which leads to final states containing
photons, tau leptons, electrons or muons. For large tan  the NLSP is the T for most of the
parameter space.

Minimal Supergravity (mSUGRA)

Minimal supergravity is a breaking model considering local supersymmetry. The breaking
occurs through gravitational interaction between the hidden sector and the MSSM. The LSP
in this model is the lightest neutralino x?. The number of free parameters is reduced by
constraints on the masses at the GUT-scale. The parameters of the model are:

e The unified scalar mass at the GUT-scale my,

e the unified gaugino mass at the GUT-scale 1, /5,

e the unified trilinear coupling at the GUT-scale Ay,

e the ratio of the vacuum expectation values of the two Higgs-doublets tan j,
e the sign of the higgsino mixing-parameter sgn ().

An example of a decay of a squark § with two tau leptons in the final state is shown in
figure 2.14.
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Figure 2.14: Example for a decay of a § involving two tau leptons.

2.3 Physics of pp-collisions

At the Large Hadron Collider (LHC) two beams of protons are collided. The proton is a
composite particle made up of quarks and gluons. Three different types of constituents (or
partons) of the proton are distinguished:

o The valence quarks uud
e gluons that are exchanged between the valence quarks and

e sea quarks that can be produced in pairs by gluons.

The particle content of a proton is described by a so-called parton density function (PDF)
that specifies the probability for finding a parton g; with the momentum fraction x of the
proton, dependent on the momentum transfer Q2.

The cross-section ¢ of a specific physics process can be calculated by factorization into the
parton-parton interaction and a soft term described by the PDFs.

The true momentum fraction of the partons is unknown.

2.3.1 SUSY at the LHC

At hadron colliders like the LHC, the production of the superpartners of the partons, the
squarks and gluinos, has a much larger cross-section compared to the production of sleptons,
neutralinos and charginos. Figure 2.15 shows a Feynman diagram for the process pp — 4.
Both produced squarks decay via a cascade like the one shown in figure 2.14.
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Figure 2.15: Feynman Diagram of the production of two squarks in a pp-collision.
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3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [9] is a particle collider located at CERN! near Geneva. It
accelerates and collides protons at a center-of-mass energy of currently /s = 7TeV. Data-
taking at /s = 7TeV started in 2010 and will continue until the technical stop at the end
of 2012. After that an increase of the center-of-mass energy to 13 - 14TeV is planned. It is
installed in the 26.7 km long tunnel of its predecessor at CERN, the Large Electron Positron
Collider (LEP).
The rate of a given physics process is not only dependent on the energy of the collision, but
also on the luminosity L of the machine and can be calculated as:
Nevent =L -0, (3.1)

where ¢ is the cross-section of the process under study. The design luminosity of the LHC
is 10> cm~2s~!. This high luminosity can be achieved by colliding bunches of 10!! protons
every 25ns, leading to 23 collisions per bunch crossing on average.
The pre-accelerated protons are injected into the LHC beam pipe and accelerated to their
maximum energy using a high-frequency system of superconducting magnets.
In addition to colliding protons the LHC can also be operated with two beams of lead ions.

Six different experiments are built around the collision points:

e Two multi-purpose detectors, ATLAS [10] and CMS [11].
e One experiment dedicated to the measurement of B-meson decays, LHCb [12].
e ALICE [13], an experiment investigating the quark-gluon plasma in Pb-Pb collisions.

e Two smaller experiments, LHCf [14] and TOTEM [15].

LConseil Européen pour la Recherche Nucléaire
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Figure 3.1: Schematic view of the Large Hadron Collider with the four large experiments,
ATLAS, CMS, LHCb and ALICE [16].

Figure 3.1 shows a schematic view of the LHC, together with one of the pre-accelerators
(SPS) and the four large experiments.

3.2 The ATLAS detector

The ATLAS? detector, shown in figure 3.2, is a cylindrical, close to 47t detector. To measure

the momenta of particles produced in pp-collisions, a hybrid magnet system consisting of:

e A solenoid magnet aligned around the beam axis, providing a 2T axial magnetic field

for the inner detector,

e a barrel and two end-cap solenoid magnets, which produce a toroidal magnetic field
of approximately 1T and 0.5T in the central and end-cap regions respectively.

The magnet system is needed to bend the trajectories of electrically charged particles to
measure their momenta.
At the ATLAS experiment a right-handed coordinate system is used to describe the position
of the measured particles. The z-axis of this coordinate system is defined by the beam pipe,
while the (x — y)-plane is perpendicular to the z-axis, with the x-axis pointing to the center

2A Toroidal LHC Apparatus
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Figure 3.2: Schematic view of the full ATLAS detector [17].

of the ring and the y-axis upwards.

The transverse momentum, pt, of a particle and azimuthal angles ¢ are measured in the
transverse (x — y)-plane. Polar angles 6 are measured with respect to the beam (or z-) axis.
Instead of the polar angle 0, the pseudo-rapidity, 1 can be defined as:

7 = —Intan (g) , (3.2)

which is Lorentz-invariant for massless particles.
The spatial separation AR, between two objects in the detector can be calculated as:

AR = /A 4+ Ag2 . (3.3)

In the following the different parts of the ATLAS detector components, from the inside to
the outside, are described. A complete description on all detector components can be found
in [10] or [18].
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Figure 3.3: The ATLAS inner detector components. The innermost Pixel Detector followed
by the Semiconductor Tracker (SCT) and the Transition Radiation Tracker (TRT). The dimen-
sions of the different detector components measured from the beam axis are given [19].

3.2.1 Inner detector components

The inner detector surrounding the beampipe is used for precise tracking of the produced
charged particles. It consists of three different subdetectors, the innermost Pixel Detector,
being followed by the Semiconductor Tracker (SCT) and the Transistion Radiation Tracker
(TRT). The design and dimensions of the inner detector are shown in figure 3.3.

It is crucial for many physics analyses to have a good resolution for determining the inter-
action point. The Pixel Detector [20] consists of three layers of silicon pixels with a minimum
pixel size of 50 pm x 400 pm for the layer closest to the interaction point. This leads to a
resolution of up to 10um in x — y and 115 pm in z.

After the Pixel Detector a particle traverses the SCT, consisting of several layers of narrow
silicon strips. By tilting the layers with respect to each other a precise measurement of the
position of the traversing particle can be obtained, with resolutions of up to 17pm in x —y
and 580 pym in z.

The last subsystem of the inner detector is the Transition Radiation Tracker [21]. It consists
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Figure 3.4: Image of the ATLAS calorimeter system [23].

of more than 298,000 straw tubes with a diameter of ~4mm, filled with radiator material
that causes traversing particles to emit photons in the flight direction of the particle. These
photons are then absorbed and the signal can be used for particle identification. More details
can be found in [22]. The TRT has an intrinsic resolution of 130 um in x — y, but provides no

position information along the beam-axis.

3.2.2 Calorimeters

In the ATLAS detector, two different types of calorimeters are used. The electromagnetic calor-
imeter measures the energy depositions of electrons and photons through electromagnetic
interactions. Hadrons loose energy by deposits in the hadronic calorimeter mostly via strong

interactions. The two types of calorimeters are shown in figure 3.4.

An electron or photon in the electromagnetic calorimeter produces a shower of electron-
positron pairs and bremsstrahlung photons, subsequently decreasing the energy of the ori-
ginal particle until it is stopped. As the active detector material liquid argon is used and the
layers of liquid argon are separated by read-out electrodes and absorber material (steal). The
energy depositions of the shower are then summed up to obtain the energy of the particle
that is to be measured. The resolution of the energy measurement in the electromagnetic

calorimeter is given by
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(o3 10%
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where E is the energy of the particle in GeV.

Of course hadrons also loose energy when traversing the electromagnetic calorimeter, but
their showers are less compact than electromagnetic showers and extend beyond the electro-

magnetic calorimeter into the hadronic calorimeter.

Hadronic calorimeters use strong interactions of the hadrons and the atomic nuclei of an
absorber material, leading to a shower of secondary hadrons. The hadronic calorimeter at
ATLAS is a system of two different sampling calorimeters, having the absorber separated
from the detector, thus only sampling a fraction of the energy in the shower. The tile barrel
calorimeter uses steel absorbers and scintillating tiles to measure the deposited energy. In
the forward and end-cap calorimeters, a combination of copper and liquid argon is used.

The resolution of the energy depositions is given by

OE 50%
— = @ 3% for < 3 and 35
(%3 . 100%

D 5% for 3 < <5, 3.6

where E is again the energy of the particle in GeV.

3.2.3 Muon system

The muons, due to their high mass compared to electrons, lose less energy in the calori-
meters and reach the outermost layer of the detector, the muon spectrometer. As a result
of the toroidal magnetic field outside of the calorimeters, the trajectories of muons are bent,
allowing the measurement of the transverse momentum of the muons.

The muon spectrometer uses drift tubes and multiwire proportional chambers to detect
muons traversing the three layers of the spectrometer. The three measured points can then be
used to reconstruct the muon trajectory and hence its transverse momentum in the detector.
To enhance the resolution of the transverse momentum of the muons, the tracks in the muon

spectrometer are combined with the information from the inner detector components.

Figure 3.5 shows a summary of the signals of different types of particles in the various
components of the ATLAS detector.
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Figure 3.5: Schematic cross-section of the ATLAS detector showing the interaction of different
types of particles in the various detector components [24].

3.2.4 Triggering

The high luminosity discussed in section 3.1 poses a problem for the data acquisition, be-
cause the interaction rate is several orders of magnitude higher than the maximal rate of
data that can be recorded.

A solution to this is to select and record only events that involve processes of interest. This
is called triggering. At ATLAS, three stages of triggers are distinct that subsequently reduce
the amount of data passed to the next trigger level.

The first stage (level one) is hardware-based and uses very simple objects in the detector to
be able to take very fast decisions and defines regions of interest.

The level two trigger partially reconstructs the event around the regions of interest.

The last step in the trigger path is the software-based event filter (EF), which uses fully re-
constructed event data.

For every analysis the efficiency of the chosen trigger needs to be studied and a potential

bias introduced by the trigger needs to be corrected for.
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ation

The final state of the analysis presented in this thesis consists of at least one hadronically de-
caying tau lepton, missing transverse energy due to the LSP leaving the detector undetected
and several high-energetic jets. Events with at least one electron or muon are vetoed.

In this chapter the reconstruction and identification of these objects, with an emphasis on
jets, tau leptons and missing transverse energy, are discussed.

At the end of the chapter important kinematic variables used in the analysis are defined.

4.1 Jet reconstruction

As described in section 2.1.2, quarks and gluons cannot be observed as free particles because
of the nature of the strong force. They hadronize and can therefore only be reconstructed
as sprays of hadrons in the detector, so-called jets. A schematic sketch of this is shown in
figure 4.1. A good introduction to the problem of defining jets from observed signals in the
detector can be found in [25].

The ATLAS software uses an algorithm called anti-kt to reconstruct jets in an event, which
does a successive pairing of calorimeter clusters in an iterative procedure starting with the
most energetic cluster in the event. A more detailed description of the anti-kr algorithm is
given in [18].

In this analysis, only reconstructed jets with pr > 20GeV and |¢| < 2.8 are considered.

4.1.1 B-tagging

Many interesting physics processes involve b-quarks, since they are the heaviest quarks that
form hadrons in the Standard Model. The heavier top quarks almost exclusively decay into
a W boson and a b-quark before they can form hadrons. The identification of jets originating
from a b-quark (“b-tagging”) is a technique to separate the jets from b-quarks from other jets

from lighter quarks or gluons.
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Figure 4.1: Sketch of the definition of jets (right) from the detector signals in an event (left).

This is possible due to the relatively long lifetime of b-hadrons which is in the order of 107125,
depending on the specific hadron. The lifetime of the b-hadron translates to an average flight
length of ~ 3mm for a b-quark with a momentum of 50 GeV, before the b-hadron decays.
This flight length can be measured by reconstructing the secondary vertex from the decay of
the b-hadron.

In this analysis the b-tagging algorithm JetFitterCombNN [26, 27] is used. It uses a neural
network discriminator to separate b-jets from light jets. The working point used has an
efficiency of 60% and a purity of 94.6% [28].

The efficiency of the tagger has been checked on data and scale factors accounting for the
differences between data and Monte Carlo were published by the flavor-tagging working
group at ATLAS. These scale factors are applied in the analysis.

4.2 Tau reconstruction and identification

The reconstruction, energy calibration and identification of hadronically decaying tau leptons
is described in [29]. Only the basic idea is given here as it is needed for the presented analysis.

The signatures of hadronically decaying tau leptons are narrow, low-multiplicity jets com-
pared to jets from prompt quarks or gluons. Throughout this analysis the following notation

was chosen:
e tau lepton denotes the true particle or an object truth-matched to a tau lepton,

e tau candidate denotes an object reconstructed as a tau lepton,
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o misidentified tau candidate denotes an object, reconstructed as but not truth-matched to
a tau lepton (both light leptons or jets originating from quarks and gluons).

The seed for reconstructed tau candidates are calorimeter jets found by the anti-kt al-
gorithm discussed above.
To discriminate between jets from prompt quarks or gluons and hadronic tau lepton decays,
three different discriminators are currently implemented in the ATLAS software, based on

rectangular cuts, a likelihood method and a boosted decision tree.

In this analysis the boosted decision tree classifier (BDTy,,) is used. It exploits several
shower shape and tracking variables of the tau jets. Compared with jets from prompt quarks
or gluons, tau jets are narrower, have less associated particles and charged tracks. BDTy,,,
uses eleven variables to do the separation and defines three flags “loose, medium and tight”
with a tau identification efficiency of 60%, 50% and 30%, respectively, and background rejec-
tion of 90%, 97% and 99.5%. In this analysis the tight flag for 1-prong and the medium flag
for 3-prong candidates is used, where “prong” denotes the number of charged particles of
the tau decay.

In addition to the identification via BDTy,,, several requirements are applied to the tau

candidate to obtain even better suppression of misidentified tau candidates:

e The tau candidate has to fail a dedicated electron veto. It suppresses misidentified tau
leptons from electrons by a factor of 33, while having a tau identification efficiency of
75%.

e The number of tracks must be either 1 or 3 (see section 2.1.3).

e The measured sum of the charges of the tracks associated to the tau candidate, g, is

required to be -1 or 1.

Tau candidates fulfilling the requirements pr > 15GeV and || < 2.5 are used in this

analysis.

4.3 Reconstruction of the missing transverse energy

In pp-collisions, the sum of the momenta in the z-direction is unknown because of the un-
known initial momenta of the partons involved in the hard interaction (see section 2.3). The
sum of all momenta in the transverse plane is expected to be zero due to momentum con-

servation.
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The missing transverse energy ETS, is defined as the momentum imbalance in this plane
and can be caused by unseen particles, such as neutrinos or the lightest supersymmetric
particle. It can be calculated by vectorially summing up the momenta of all particles detec-
ted in an event.

Details on the calculation of EMS and its performance can be found in [30]. Only the basic
concepts are discussed here.

Two components contribute to EX. The sum of all deposition of energy in the calori-

meters E;?ly% and the contributions from reconstructed muons Ez )" The transverse missing

energy is calculated as

Emiss — \/ (Emiss)? 4 (E;niss)z , (4.1)

where
EX = ~E) ~ Exy -
The calorimeter cells used to obtain E;?lyo) are assigned to reconstructed high-pr physics
objects to ensure the right calibration scheme. The calorimeter term of the missing energy

(4.2)

in x and y is then obtained by summation over the separate missing energy contributions
of the physics objects. The EXss definition used in this analysis does not include a separate
term for hadronically decaying tau leptons. They are treated as jets in the calculation of
EMiss which is important for the discussion of the systematic uncertainties in chapter 8 in
this analysis.

4.4 Reconstruction of electrons

To reconstruct and identify electrons at ATLAS, the information on the inner detector tracks
is combined with the shower information from the electromagnetic calorimeter.

The reconstruction uses a cluster of cells in the second layer of the electromagnetic calori-
meter as a seed. The electron leaves a track when traversing the inner detector. This track
is associated with the seed-cluster in the calorimeter. Details on this algorithm can be found

in [18]. It has an reconstruction efficiency for isolated electrons of about 93%.

Additional identification criteria are then applied to the reconstructed electron. Depending
on the needed identification efficiency and background rejection, shower shape information
from the electromagnetic calorimeter, the leakage into the hadronic calorimeter, the quality
of the track and information from the Transition Radiation Tracker (TRT) can be used.
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Identified electrons with pr > 20GeV and |y| < 2.47 are used in this analysis.

4.5 Reconstruction of muons

Different algorithms for the reconstruction and identification of muons at ATLAS exist [18].
The one used in this analysis combines information from the muon spectrometer and matches
them to tracks from the inner detector. To quantify the quality of the match, a combined x?2-
fit of the muon track to the measured positions in the inner detector is done with a minimum
requirement on the goodness-of-fit.

Only muons with pr > 20GeV and || < 2.4 are considered in the selection.

4.6 Overlap removal

After the reconstruction and identification of all physics objects in an event, it can happen
that the same object is identified more than once. Every identified tau lepton for example is
also reconstructed as a jet. To avoid double-counting of objects, an overlap removal is done
in the following order:

1. if an electron is within a cone of radius AR < 0.2 of a tau candidate, the electron is

kept and the tau candidate is rejected;

2. if a muon is within a cone of radius AR < 0.2 of a tau candidate, the muon is kept and

the tau candidate is rejected;

3. if an electron is within a cone of radius AR < 0.2 of a jet, the electron is kept and the
jet is rejected;

4. if a tau candidate is within a cone of radius AR < 0.2 of a jet, the tau candidate is kept
and the jet is rejected;

5. if both a jet and an electron are within 0.2 < AR < 0.4, the electron is assumed to be
from a secondary decay within the jet and is rejected;

6. if both a jet and a muon are within 0 < AR < 0.4, the muon is assumed to be from a

secondary decay within the jet and is rejected.

The selection requirements in the analysis, discussed in chapter 5, are then applied using the

remaining objects in the event.
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4.7 Important variables

The transverse momentum, pr, of a particle is the projection of the momentum vector of a

particle on the plane transverse to the beam axis.

The effective mass, m.g, is defined as the scalar sum of the transverse components of the
selected objects in an event. Since this analysis requires a tau lepton, missing transverse
energy and multiple jets the effective mass is calculated as:

Mot = P+ ERss + Yt (4.3)

where the sum runs over the leading two jets in the event. The decay of heavy particles leads
to higher effective masses, hence this quantity can used to estimate the mass scale of the
decaying particles [31].

The transverse mass mrt (T, E%ﬁss), is the invariant mass of the selected tau lepton and the

missing transverse energy in the transverse plane:

mr (T, EF™) = \/m% + 2p% - ERiss . (1 — cos A¢ (T, EXss)) (4.4)

If the EX* and the tau lepton originate from the visible decay of a massive particle (for
example from a W — v decay), the transverse mass has an upper bound at the mass of this
particle.

The transverse thrust Tt is an event shape variable that measures how dijet-like an event is.
It is defined as

Y. pr -t
Tt = max =/—/——— . 4.5
T #5)

where 7ir denotes the thrust-axis, for which Tr becomes maximal. The thrust of a perfectly
balanced di-jet event is 1 along the thrust axis given by the two jets.
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This section documents the inclusive one-tau analysis, starting with an overview of the used
data and Monte Carlo samples followed by the event selection and a discussion of the relev-

ant backgrounds.

Since the main part of this thesis is the estimation of W+jets, top and QCD-multijet back-
grounds, only an outline of the selection is given here. A more detailed documentation of
the whole analysis, carried out in collaboration with a larger group, can be found in [32].

5.1 Data and Monte Carlo samples

To compare theoretical predictions of the Standard Model backgrounds and hypothetical
signal contributions with data, one needs to rely on simulations which include both inform-

ation about the simulated physics process as well as the response of the detectors.

The simulated samples for the backgrounds and the SUSY benchmark points used in this
analysis are provided by the ATLAS SUSY working group. A short summary of the used
background and signal samples with the associated cross-sections and the generator used is
given in table 5.1 and 5.2, respectively. A full overview of all used background samples can
be found in appendix A.

5.1.1 ATLAS data sample

For the presented analysis pp collision data collected at /s = 7 TeV in 2011 with the ATLAS
detector is used. The total recorded luminosity of this dataset is 2.56 fb~!, with a total in-
tegrated luminosity available for the analysis of 2.05fb~!. The relative uncertainty on this
luminosity is estimated to be 3.7%. Further information on the determination of the lumin-

osity and the associated uncertainty can be found in [33].
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Sample name | Generator €r -0 [pb]
W — ev Alpgen/Jimmy 10486.19
W — uv Alpgen/Jimmy 10483.41
W — v Alpgen/Jimmy 10481.01
tt semileptonic | MC@NLO/Jimmy 89.36
tt full had. MC@NLO/Jimmy 75.21
single t MC@NLO/Jimmy 37.34
Z — ee Alpgen/Jimmy 1072.62
Z — uu Alpgen/Jimmy 1072.33
Z =TT Alpgen/Jimmy 1072.79
Z — v Alpgen/Jimmy 968.15
QCD Pythia ~1.0582 x 1010

Table 5.1: Monte Carlo samples used in the analysis, the generators that were used to produce
the samples and the filter efficiency times cross-section for leading order (QCD), next-to-
leading order (ff and single top) or next-to-next-to-leading order (W+jets and Z+jets). More
details can be found in appendix A.

Sample name Generator | o [pb]

GMSB (A = 30,tan 8 = 20) | Herwig++ | 1.95

GMSB (A =40, tan 8 = 30) | Herwig++ | 0.41

Table 5.2: Monte Carlo signal samples used in the analysis, the generator that were used to
produce the sample and the cross-section.
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Figure 5.1: Trigger efficiency measured in data for the jet+E™-trigger used in the analysis

versus the pr of the leading jet (left) and E%‘iss (right). It can be seen, that the trigger is fully

efficient after offline requirements on p];tl > 130GeV and Ess > 130 GeV. Taken from [34].

5.2 Event selection

5.2.1 Trigger

In this analysis two triggers based on one high-pr jet and large E™* are used. The same
triggers were also used by other EM*S-based analyses in the SUSY group. In [34] a detailed
study on this combination of triggers can be found in the context of the search for SUSY with
jets, E%‘iss and no lepton.

It is concluded that the triggers are fully efficient after offline requirements on pjTEtl > 130
GeV and ERss > 130 GeV respectively. The trigger turn-on is shown for the pr of the leading
jet and ET"*° in figure 5.1.

The Monte Carlo samples used in this analysis are known not to reproduce the trigger
behavior in data well, hence only the off-line selection criteria on pj;tl and ETSS are applied
to the Monte Carlo samples. Given the fact that the triggers are shown to be in the plateau-
region for the used off-line selection thresholds this does not introduce a bias.

5.2.2 Data quality criteria

Before applying any analysis criteria, it needs to be checked that all subdetectors relevant for
the analysis are operating normally and that the magnets are at full field strength. This is
done by applying a so-called good run list!, whose criteria are common to all supersymmetry
searches with EMsS in ATLAS.

IRun denotes a data-taking period of typically 5 - 10 hours [35].
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Additional quality criteria are applied to the analysis:

Primary vertex requirement The analysis requires a reconstructed primary vertex in the
event with at least four tracks associated with it. The reason for this requirement is to reduce

the non-collision background.

Event cleaning The analysis vetoes events with so-called “bad” jets which are typically
caused by noise or calorimeter malfunction, non-collision data or cosmic events. “Bad” jets
are defined as jet objects with pr > 20 GeV that pass certain criteria commonly defined to all
supersymmetry + EXSS searches at ATLAS [36].

LAr hole treatment During the 2011 data run, used for this analysis, a malfunction in the
readout of the liquid argon calorimeter occured. Due to the persisting mismeasurements of
energy depositions in this part of the calorimeter, the performance of the tau identification
greatly differs from the rest of the detector.

To remove sensitivity on this effect, events where the leading tau candidate is reconstructed
in this region of the calorimeter are rejected. Also events where either of the two leading
jets are reconstructed in this region of the calorimeter are rejected, since this would bias the

calculation of EMss.

5.2.3 Channel definition

Rejection of light leptons To allow for an easy combination with other channels in the
future, the analysis explicitly vetoes events with one or more identified isolated electrons or
muons. Figure 5.2 shows the number of identified light leptons before any selection criteria
are applied.

Requirement of a second jet The analysis requires a second jet in the event with pt >
30GeV. It is expected in most SUSY scenarios to have multiple high-pr jets in the event. The
requirement on a second jet greatly reduces the background from associated gauge boson +
jet production. The multiplicity of jets with pr > 30GeV is shown in figure 5.3.

Requirement of 1 tau lepton Since this is an inclusive search for supersymmetry with taus
in the final states, the analysis requires at least one tau candidate with pr > 15 GeV in the
event.

The identification of tau candidates is done using the boosted decision tree classifier as

described in section 4.2. The multiplicity of tau candidates per event after the trigger re-
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quirements, rejection of events with identified light leptons and requiring an additional jet
with pt > 30GeV is shown in figure 5.4.

5.2.4 Background suppression requirements

The backgrounds considered in this analysis are W+jets, top production (comprised of tf and
single top), Z+jets and QCD multijet events. The background from diboson production was
found to be less than one event in total after the requirement of one tau lepton and is hence
neglected for now.

The backgrounds are split up in two classes: Events with real ET%, e.g. due to neutrinos,

and events where the EI*S is caused by detector effects.

Suppression of events with fake ERiss

The major contribution to the class of events without real EX* is QCD multijet production
where the TS is caused by mismeasurement of one or more jets in the event.

To reject events where the fake EM can be associated with a specific mismeasured jet, a
requirement on the angular separation A¢ between this jet and the EX*s is applied. Figure 5.5
shows the distributions of the A¢ between the ET'® and the leading jet (5.5a) and the EMiss
and the subleading jet (5.5b). It can be seen that a large amount of QCD multijet events can
be rejected by requiring A¢(jet, ,, Ef™*) > 0.3 rad.

If the E%‘iss cannot be associated with the mismeasurement of one of these jets directly,2

2The angular correlation between one jet and the EMisS js Jost in this case.
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the quantity ETSS/mg can still show a good separation between events with real EFsS and
events where the ETS is caused by detector effects, since it quantifies the fraction of the total
transverse energy in an event carried by EFsS. The analysis requires that 25% of the effective
mass of the event is due to EIT“iSS, Effniss /megs > 0.25. Figure 5.5¢c shows the distribution of this

variable before applying the requirement on ETSS /1.

Suppression of events with real ETss

After suppression of QCD multijet events, the major remaining backgrounds are W— v +
jets, Z— vv + jets and top production. In W+jets and top production, events where a tau
lepton coming from the decay of a W boson is correctly identified, as well as events where a
jet or lepton is misidentified as a tau lepton contribute. In events where a tau lepton from a

W-decay is correctly identified and the neutrino coming from the same decay, together with
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Figure 5.6: Distribution of mr (7, E®*), shown after the QCD-suppression requirements.
The selection criterion is indicated by the black line with an arrow.

the neutrino from the decay of the tau lepton, are the only sources of EI* in the event, the
transverse mass between the selected tau candidate and E%ﬁss, mr (T, E%ﬁss), has an upper
bound at the mass of the W boson and can be used to suppress a great fraction of W+jets
and top events.

Figure 5.6 shows the distribution of the transverse mass after all other selection criteria are
applied. In the analysis the requirement my (T, ET) > 110 GeV is chosen.

Final signal region

After the selection a final discrimination based on the effective mass, mgg, is used. The
masses of the SUSY particles produced in a collision are expected to be relatively high, the
effective mass, which is a measure for the total energy in an event and hence setting the mass
scale of the SUSY particles, the signal tends to higher values in m.. Figure 5.7 shows the
meg distribution after the requirement on the transverse mass.

In the analysis the requirement m.¢ > 600 GeV defines the final signal region SR.

5.3 Overview of the full selection

An overview of the event yields at different stages of the selection for the different back-
grounds studied is given in table 5.3.
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Figure 5.7: Distribution of the effective mass m,g, shown after all other selection criteria are
applied.

The event numbers after the final requirement can be compared to the Monte Carlo ex-

pectations for the two different GMSB benchmark points, shown in the figures:

NGMSBE?‘;&:” = (49.8+5.1)events and

N, GMSBEMA=30 =

(9.7 £1.0) events .

This Monte Carlo based overview of the selection shows, that contributions from W-+jets,
top and Z+jets production are expected to be larger than the contribution from QCD multijet
events. It also shows, that the Monte Carlo estimate of the QCD multijet production cannot
be trusted because of the limited statistical precision of the QCD multijet samples after the
channel definition, which is mostly due to the requirement of an identified tau lepton in
the event. As a first attempt to increase the statistical precision of the Monte Carlo estimate
for the QCD multijet samples, a Monte Carlo event weighting method is applied, described
briefly in the following section.
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top Wjets Z+jets QCD
Before selection 314910 4 390 (6432.4 & 3.2)x10* (8519.9 4 3.5)x10°% (4669.2 + 4.9)x10°
Preselection 300 £ 12 1556 + 55 230 £ 11 660 + 280
channel definition 300 £ 12 1556 + 55 230 £ 11 660 + 280
QCD suppression 267.7 + 89 1379 + 44 1812 £ 75 31+28
mr (T, ET$) > 110 GeV 323+ 3.1 56.3 + 5.6 419 +24 0.3 +0.3
Megs > 600 GeV 6.7+ 14 15.0 +£ 29 11.8 + 1.2 0.3+0.3

Table 5.3: Expected numbers of events from Monte Carlo simulation, normalized to 2.05 b~ L.
No normalization factors are included. The uncertainties given are statistical only.

5.3.1 QCD event weighting using tau misidentification probabilities

Table 5.3 shows that a large part of the QCD multijet events is rejected when asking for an
identified tau lepton. To increase the statistical precision, this method uses misidentification
probabilities of jets faking a tau lepton and weighting the Monte Carlo events with these
probabilities instead of completely rejecting events without an identified tau candidate.

The tau misidentification probability is obtained by performing a completely separate event
selection. A sample of dijet events is selected by requiring two reconstructed jets which are
balanced in pr and “back-to-back” in ¢. To get events over a large range of jet pr, a low-
threshold single jet trigger is used and matched to the leading jet (“tag jet”). The subleading
jet is required to have at least one associated track, since the tau identification relies on track
variables that are not well defined for tau candidates without tracks. This jet is then used
to probe the tau misidentification probability (“probe jet”). The misidentification probability
f1p is then calculated as:

fip = # of probed jets identified as tau leptons
b= # of all reconstructed probe jets

(5.1)

The numerator in this expression only includes probe jets that satisfy all identification
criteria from section 4.2. A detailed discussion of the dijet selection and calculation of the
tau misidentification probabilities can be found in [37].

Since the tau misidentification probability is known to be very dependent on the pt of the
tau candidate, this misidentification probability is computed in bins of tau candidate® pr.
Figure 5.8 shows the misidentification probabilities obtained with this algorithm versus the

probe-tau candidate pr.

3Tau candidate in this context means a reconstructed jet with at least on track associated with it.
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To turn the misidentification probabilities into event weights, they are applied to every tau
candidate in simulated QCD events. If there are n tau candidates in an event all combinations
of tau identification pass and fail decision are considered. The total probability w of an event
using the measured misidentification probability fip ; for each of the n tau candidates is then

defined as:

b ﬁ . with x; fiDi if candidate i passes , 5.2)
i=1 (1— fip;) if candidate i fails .

From all combinations with at least one tau candidate that passes the identification criteria,
one is chosen randomly. After selecting one of the tau candidates, the event is propagated
through the event selection with a weight corresponding to its total probability w.

The effect of this method on the QCD multijet event yield is shown in table 5.4.

The results obtained with this method are used as a cross-check for the number of QCD
multijet events in both the signal region and in a control region, described in section 6.1.1.

In the following chapters the estimation of the W+jets, top and QCD-multijet backgrounds,
based on data, are presented.
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nominal QCD reweighted QCD
channel definition 660 + 280 760 + 350
QCD suppression 31428 47 £+ 22
mr (T, ET) > 110GeV | 0.3 +0.3 38+18
Megs > 600 GeV 03 £0.3 04 +£0.1

Table 5.4: Comparison of the QCD multijet event yields for the Monte Carlos samples with
and without tau misidentification probability reweighting throughout the selection.
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grounds

In this section, the techniques developed for estimating the backgrounds from W+jets and
top are described.

The Monte Carlo-based estimates for the selection, summarized in table 5.3, show that the
W+jets and top backgrounds are important backgrounds for this analysis. This is due to the
fact that both of these backgrounds can have tau leptons and genuine EF* in the event from
the decay W — tv, either from direct W+jets production or the decay of a top quark.

To estimate the W+jets and top backgrounds, two control regions are defined, one for events
with true tau leptons, the second for events with misidentified tau candidates. In the true-tau
control region CRy, the contributions from W+jets and top processes are separated, and the
event yield for each of the backgrounds in data is compared with the Monte Carlo expect-
ation. Two separate scale factors are determined that account for the normalization difference
between data and Monte Carlo for the two different samples.

In the second control region CRy, that has also sizeable contributions from events with misid-
entified tau leptons, a combined scale factor for events with misidentified tau candidates is
determined.

The W+jets and top backgrounds can be split up in two different classes based on simula-
tion: Events where a real tau lepton from a W-decay is selected in the analysis and there is
no mismeasurement of the E%ﬁss and events where a misidentified tau candidate is selected.
Figure 6.1 shows the distributions of mt (T, ErT“iSS) for events with truth-matched tau leptons

and events with misidentified tau leptons before the requirements on mr (7, EF*%) and mi.

Since the rates of the two different classes of events could be modeled differently well by
simulation, two different control regions need to be defined to obtain separate scale factors
for the different classes of events.

As can be seen from figure 6.1, events with real tau leptons are mainly located at low

mr (T, ERS), whereas events with misidentified tau candidates are more spread out to
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Figure 6.1: mt (T, EIT“iSS) for events with identified (left) and misidentified tau candidates
(right). The black lines denote the chosen selection criterion for the selection.

Data  W+jets top Z+jets QCD

NR | 1256 1118 4+ 42 185.04+7.2 85.249.1 7.747.5

Table 6.1: Number of events for data and background simulation in the low-mrt (T, EITniSS)
control region CRj.

higher mr (T, EXss),

Thus a true tau enriched control region CR; is defined with the requirement m (T, E‘T“iss) < 70GeV.
In this control region the purity of events with real tau leptons is 93.2% for W+jets and top

and it is thus an adequate control region to obtain the scale factor for events with real tau
leptons.

Figure 6.2 shows the definitions of the true-tau control region CR; and the final signal re-
gion, SR, in the ((mr (T, EM) — m.g)-plane. The remaining region in the ((mr (T, EF) — mgg)-
plane is used as a control region to obtain the scale factor for events with misidentified tau
candidates, CR».

6.1 W+jets / top background with real tau leptons

To estimate the W+jets and top backgrounds in the analysis, the true-tau enhanced control
region CR; is used. Table 6.1 shows the number of events in data and for the different
background Monte Carlo samples in this control region.

Before estimating the W+jets and top, a data-driven cross-check of the number of QCD-
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Figure 6.2: Definition of the two control regions (CR; & CR;) and the signal region (SR) in
the ((mr (T, EXS%) — meg)-plane.

multijet events in CR; obtained by reweighting the MC as explained in section 5.3.1, is carried
out.

6.1.1 Estimation of the QCD background in CR;

The strategy of the data-driven method to estimate the normalization of the QCD back-
ground in CR; is to define two different QCD enhanced control regions. The first one,
QCD;, is obtained by applying all CR; selection criteria, including the requirement for an
identified tau lepton and the requirement on mr (7, EX$), but inverting the QCD rejection
requirements A(,b(jetl,E%‘iSS) and Acp(jetZ,E%‘iSS) (for simplicity the combination of these two
requirements are now referred as A¢ symbolically) and EM$ /¢ simultaneously. This en-
sures that the control region is as close as possible to CR; in phase space, but still has a
sizeable amount of QCD background left. The second control region, QCD,, is defined by
inverting the requirement of an identified tau candidate, thus selecting events with zero tau
candidates and omitting all subsequent steps in the selection.

Tables 6.2 and 6.3 show the number of events for data and Monte Carlo samples in the two
QCD enhanced regions. Both regions are clearly dominated by QCD-multijet events and
have a fair amount of events left.

The number of QCD events in CR; is then obtained by subtracting off the non-QCD contri-
butions from data using simulation in QCD; and applying transfer factors to estimate the
number of QCD-multijet events in CR;.
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data QCD Z+jets top Wjets
ne >0 2308 780 £360 229+ 11 299 + 12 1548 + 1548
A¢ requirements 2211 770 360 220.1 +9.2 304.3 +9.6 1544 + 44
EMISS /e > 0.25 181 175 + 24 50+15 52+14 18.0+3.1
mr (T, EPS) >110GeV | 90 77 £15 42+15 37+12 11.8+25

Table 6.2: Numbers of observed and expected events in QCD;.

data top Wjets Z+jets QCD

nr =0]90285 3335+ 32 24350 & 140 18010 + 260 (45.4 4+ 4.2)x10°

Table 6.3: Numbers of observed and expected events in the zero-tau region QCD,.

RQCD _ (Ndata _ nnon-QCD

Qcpy — Nocp, >'tA¢'tEfr“iSS/me“' (6.1)

The second region, QCD, is then used to factorize the two requirements on A¢ and
E%liss /meg. The transfer factors tp, and tE%ﬁss /e from equation 6.1 are derived from the
QCD; zero-tau sideband by applying the requirement on A¢ to obtain the transfer factor
from the low to the high ET /.4 region and vice-versa. Again this is done by subtracting
off the remaining non-QCD backgrounds from data, which is only a small correction since
the purity of QCD events after each of the two QCD-rejection requirements is still expected
to be larger than 90%.

Ndata, pass Ap NnoanCD, pass A¢

Fro = QCD, QCD, (6.2)
AP = Ndata, fail Ap NnoanCD, fail A¢g ’ ’
QCD, QCD, E¥1155/me“<0.25

and similarly for the second transfer factor ¢pmis /.-

Ndata, pass E'Tniss /Mgt . NnoanCD, pass EITniss /Mg

i _ [ Naco, QCD, (6.3)
ETSS/megg — Naata, fail EF™/mes NRon—QCD, fail EFVSS/me ’ ‘
QCD, QCD, Ap<0.4

The scale factors derived by this method are:
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tag = 0.1 and (6.4)
tE”rrniss/Tneff == 085 . (65)

This technique to obtain an estimate for the number of QCD events in CR; only works

under the assumption that all variables used (A¢, E‘Tniss/ meg and n¢) are uncorrelated. This
assumption is tested by looking at 2-dimensional projections of these variables for the differ-
ent samples in Monte Carlo and data.
It is found that there is a correlation between the angular separation of the EXSS to the
leading jets and EXMSS /m.g for the non-QCD backgrounds (W+jets, Z+jets and top). Con-
sidering the small contribution of these backgrounds with respect to the number of QCD
multijet events in QCD», this correlation is estimated to be negligible for the extrapolation
from QCD; to CRy. In the QCD multijet samples no correlation between A¢ and EMiss
is seen. This expectation is met in data. Figure 6.3 shows the number of events in the
(ESS /1o, A (EXISS,jety 5 ) )-plane for the Wets, top and QCD-multijet samples from sim-
ulations and from data.

For the QCD background a correlation between the number of tau candidates in the event
and A¢ is found. This can be explained as a combinatorial effect; events with less jets
are inherently less likely to have a misidentified tau candidate from one of the jets and
simultaneously less likely to have a poorly reconstructed jet accounting for the EXS. To
estimate this effect on the transfer factors from QCD; into CR;, the Monte Carlo sample is

split up into three subsamples:

e 2 reconstructed jets, 0 tau candidates
o At least 3 reconstructed jets, 0 tau candidates

e 2 reconstructed jets, at lest 1 tau candidate.

The A¢ (ETSS,jet; ) distributions for the three subsamples are shown for the QCD-multijet
simulation in figure 6.4.

In each of these subsamples the two transfer factors are determined independently. The
results for the transfer factors vary by about 50% with a statistical uncertainty of about 50%.
The transfer factors are summarized in table 6.4. To account for the correlations a conservat-
ive 100% uncertainty on the combined transfer factor from QCD; to CR; is assumed.

The total estimate of the QCD background in CR; is:

KNQCD = (7.7 +7.7) events. (6.6)



56 Chapter 6 Estimation of the W +jets and top backgrounds

g E g E
i, E 350 = E 45
— F _ F 40
E - C 300 g - 2.5:
[i1] C | C 35
o r 250 ] - 2
2 C 2L C
= s 200 = 15k 25
= F 150 = F 20
g - g -
F 100 F 15
s F 10
- 50 05F
C C 5
0’ 0 0’ A N T B N
001 0.2 03 04 05 06 07 08 09 0™"0.1 02 03 04 05 06 07 08 08 1
m\ss/m m'sslm
3 3 E 6000
—— 5000 — C
8 y 250 5000
" 4000 nf E
3 3 - 4000
k3l B F
= 3000 i f
3 ¥ 1sf 3000
£ 2000 £ s
€ £ F 2000
1000 05 1000
0102 03 04 05 06 07 08 00 1 © % 0102 03 04 0506 07 08 09 1 ©

miss -miss
B Imgy Er/m

Figure 6.3: Number of events in the (EXSS/mqg, Ap (ETISS,jet; o) )-plane for the W+jets (top

left), top (top right) and QCD-multijet (bottom left) samples from simulations and from data
(bottom right).
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Figure 6.4: Ad (EXsS jet;,) distribution for the three subsamples defined in section 6.1.1.
The distributions are normalized to unity. The shapes of the first two subsamples are almost
identical, thus the markers of the first subsample are hidden behind the markers of the
second.

Subsample tag t ERiSS /g
2 jets 0.37+0.19 | 09+£0.3
3 jets 0.39+0.19 | 09+£0.3
1 tau candidate || 0.2+£0.6 |29+0.6

Table 6.4: Transfer factors derived in the three subsamples defined in section 6.1.1.

This estimate is consistent with the one obtained with the fake misidentification probabil-
ity method, which is (7.7 £ 7.5) events. The shape of the QCD background distributions is
taken from the Monte Carlo sample, reweighted with the misidentification probabilities and
the normalization from this data-driven method.

6.1.2 Separation of W+jets from top events

Instead of deriving a combined scale factor for the W+jets and top contributions in CR; an
attempt is made to estimate the two contributions separately. The idea behind this is that,
even though the comparison between data and Monte Carlo in figure 6.5 shows good agree-
ment, there is the possibility that their relative contributions are not predicted correctly since

the W+jets and top samples are simulated with different event-generators using different
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underlying physics models (see section 5.1).

The strategy to separate W+jets from top events is to find different kinematic or event-
shape variables that can be used to classify the events.
A large number of different variables have been studied as input to the classification of
W+jets and top events. The following four variables show the best separation power among
these:

e The number of reconstructed b-jets in the event.
This variable showed the best discrimination power. The top quark predominantly
decays to a W boson and a b-quark (see figure 6.6) and the majority of the top events in
the signal region come from tf-decays. The efficiency of the used b-tagger at the used
working point is 60% (see chapter 4). In CR; 65.3% of all top events but only 3.9% of
all W+jets events have at least one tagged b-jet with pr > 20 GeV.

o The jet multiplicity of the event.
In W— tv; events, where the tau is reconstructed correctly, additional jets occur in the
production process of the W boson (see figure 6.7). In tf events in addition to the 2

b-jets, two more jets can be produced from a hadronic decay of the second W boson.

e The transverse thrust Tt of the event (see section 4.7).
Aside from ETSS caused by neutrinos or mismeasured objects, events have to be bal-
anced in pt, which means that events with more objects look more spherical (small
transverse thrust) and events with fewer objects appear more “pencil-like” (large trans-
verse thrust). Thus top events tend to lower values of Tt compared to W+jets events.

e The pr of the second leading jet.
The pr spectrum of jets produced in association with a W boson falls steeply above
the selection threshold of pr >30GeV. On the other hand the jets involved in decays
of top quarks are more energetic due to the large mass of the top quark. This leads
to a harder jet pr spectrum in top events compared to W+jets events. Due to the
harsh trigger requirement on the leading jet, the pr of the subleading jet is used as a
separation variable.

The distributions of these four variables in CR; are shown in figure 6.8. What strikes the
eye when comparing data with Monte Carlo for these variables, is the discrepancy in the
number of reconstructed b-jets. The Monte Carlo clearly tends to lower values with respect
to the data. Also the other variables show clear discrepancies. Because of these discrepancies
the contributions from W+jets and top are scaled separately to improve the agreement.
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Figure 6.5: Kinematic distributions in the true-tau control region CR;. The errors shown are
statistical only.
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Figure 6.6: Feynman diagram for the decay of the top quark.
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Figure 6.7: Example feynman diagrams for the production of a W boson in association with
1 jet (left) and 2 jets (right).
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Figure 6.8: Input variables to the classification of W+jets and top events, shown in the true-
tau control region CR;. The number of b-jets (upper left), the jet multiplicity (upper right),
the pr of the subleading jet (lower right) and (1 — Tr) (lower right). The errors on data and
the sum of all Monte Carlo samples are statistical only.
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Figure 6.9: Schematic view of the classification of events using a Decision Tree (left) and the
corresponding regions of the input parameter space (right). Adapted from [38].

Instead of a simple multi-dimensional cut in the space that is spanned by these variables,
a different multivariate technique is used for the classification. A multivariate method clas-
sifies events based on more than one input variable. The easiest of these methods would be
the rectangular cut method mentioned above. In this analysis, a so-called Boosted Decision

Tree is trained and used for the classification of the events.

General remarks about Boosted Decision Trees

A Decision tree partitions the space of the input variable into rectangles by repeated yes/no
decisions. These “leaves” represent different regions in the parameter space and are classified

either signal or background according to the majority of training events in this leaf.

To use a decision tree on data the classifier has to be trained beforehand. It uses the sep-
aration variables in the different Monte Carlo samples and assigns every event to a final leaf
as explained above. An example for illustration of a BDT with just two input values x; and
x; is shown in figure 6.9.

One problem of this approach is the sensitivity to statistical fluctuations in the input samples
that can bias the classification. Another drawback is that with this method it is very hard to
capture complex structures in the input distributions.

A solution to these problems comes in the form of “boosting”. Instead of doing the classi-
fication only once, the method of the Boosted Decision Tree (BDT) trains a large number of
subsequent trees (a “forest”) and increases the weights of misclassified events. After a fixed
number of trees is reached, each event is classified according to the majority of single tree
votes.

The training of the BDT used in this analysis was done with TMVA [39], a toolkit specific-
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Figure 6.10: BDT discriminant computed from the input variables in figure 6.8 in CR;.

ally designed for multivariate analysis. The package takes the distributions of the chosen
separation variables for signal and background separately as inputs and splits these samples
randomly into a “training” and a “test” sample. The training sample is used to train the

classifier whose output is then used on the statistically independent test sample.

The four variables are used to train the W/top separation BDT. Only the W+jets (signal)
and top samples (background) are used for the training process. Figure 6.10 shows the res-
ulting BDT distribution evaluated at all Monte Carlo sample and data. From this distribution
it can clearly be seen that the Monte Carlo simulation predicts too many W+jets and too few
top events. This leads to a scale factor smaller than 1 for W+jets and larger than 1 for the top

contribution.

The computed BDT shows a good separation between W+jets and top events. This dis-
criminant is used to determine the relative fractions of the W+jets and top contributions
by fitting the BDT distribution in data using a binned, extended maximum-likelihood fit,

the Barlow-Beeston fit algorithm. This fit algorithm takes into account the statistical uncer-
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tainty on Monte Carlo samples (here W+jets and top). The concept of the fitting method is
described in the following paragraph, a detailed discussion of the fit can be found in the
original publication by Barlow and Beeston [40].

Barlow-Beeston Fit

For a given data sample and m different Monte Carlo sources, binned in n bins, d; is the
number of data events and X" is the number of simulated events of the mt" Monte Carlo
source in bin i. The sum of all Monte Carlo sources in the i bin, X; can then be written as

Xi = Z p] . ai]‘ (67)
j=1

where 4;; is the number of simulated events for Monte Carlo source j in bin number i and
pj is the fraction of the j Monte Carlo source with respect to the sum of all sources in the
fit. These p; are exactly the quantities that need to be determined in the fit.

If the number of data events in every bin were large enough so that they can be treated as
normally distributed, the p; can be estimated by minimizing the x? defined as

X;:ZULZ&)‘ 6.8)

i
As can be seen from figure 6.10, the number of data events in each bin cannot be treated
as Gaussian distributed due to the limited number of events. Instead of using a Gaussian
approximation, one needs to use the Poisson probability of observing d; data events in bin i:
d.
X
—X; M
e i 6.9
i (6.9)

and estimate the p; by maximizing the logarithm of the total likelihood

n
InL=) dInX;—X;, (6.10)
i—=1

1

which accounts correctly for small numbers of data events in each bin.
The extension of this method that also takes into account the fact that not only the number
of data events in some bins might be small, but also the limited number of simulated Monte
Carlo events, is the Barlow-Beeston fit method.
The modification that has to be done is to substitute the generated number of events in
each bin, a;;, with the expected number of events A;; in each bin (which are unknown) in
equation (6.7) and to maximize the combined likelihood of the observed d; and the observed

Llij
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dl'Ai]‘
X

Inl = i
i=1

— Ajj (6.11)

To maximize this likelihood the derivative is taken and set to zero, which leads to two
coupled sets of equations:

d;iAj;
—1—-A;=0 Vjand 6.12)
i=1 Xi
dip; ajj B .
Xi—p]%—z—l—o Vi, j. (6.13)

ij
The second equation can be simplified to
aijj

Aij:1+pj(1_f(il_) .

(6.14)

Using a given set of p; as starting values, the expected values of A;; can be calculated and

inserted into equation 6.12, which can then be maximized to obtain the best values for the p;.

The Barlow-Beeston fit method is provided as a class of the Root [41] analysis framework
called TFRACTIONFITTER, which is used to perform the fit in this analysis. The implementa-
tion of the fit has a shortcoming which makes it impossible to get the correct uncertainties
from it if samples composed of multiple subsamples with different relative weights are used.
All simulated samples used in this analysis are combined samples, so the uncertainties on
the fractions arising from the limited statistic precision of the simulated samples, have to be

determined with an alternative method which is described below.

Result of the fit

Only the fractions of the W+jets and top contributions are fitted. The fraction of the Z+jets
and QCD multijet contributions are constrained and only allowed to fluctuate within their
respective uncertainties. Figure 6.11 shows the result of the fit to the distribution in data
compared with the sum of the initial Monte Carlo distribution before the fit. The fit result is
denoted in the figure with a dashed line. It can be seen that the agreement between data and
Monte Carlo improves significantly. The x?/ndf is 9.0/8 and the linear correlation between
the two fit parameters pw and piop is -30.6%

The fractions obtained from the fit can be translated to event yields summarized in table 6.5.
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Figure 6.11: Output of the Barlow-Beeston fit to the BDT distribution in data in CR;. The
histograms show the unscaled contributions from the different Monte Carlo sources and the
sum of these histograms is shown with a red line. The dotted line shows the sum of all
Monte Carlo sources if the fractions obtained from the fit are applied.

As already mentioned, it is noticeable when comparing data with Monte Carlo in fig-

ure 6.10 that the data tends to overshoot in top-dominant regions. To make sure that this
effect is not solely due to the difference between data and Monte Carlo in the number of
selected b-jets, biasing the fit towards a higher top contribution, the training of the BDT dis-
criminant was repeated without using the information from b-tagging and the fit performed
with the resulting BDT.
The outcome of this fit can be seen in figure 6.12 and is also summarized in table 6.5. This
result is consistent with the one obtained from the fit including the number of b -jets, but has
a larger uncertainty, since the separation of the W+jets and top contributions is significantly
worse when the b-tagging information is not used and the W+jets and top fit parameters are
thus more highly correlated. The x?/ndf of this fit is 5.67/8 wit a linear correlation between
the two fit parameters of -56.9%.

Determination of the fit uncertainties

As mentioned above, the uncertainties on the fit parameters cannot be used out-of-the box
because the distributions for each source are created from a combination of subsamples

with different weights. Hence two methods for determining the uncertainties arising from
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Nominal fit

Fit without b-tagging

MC prediction

W+jets

top

849 £ 48

295 £29

846 £ 57

297 £45

1118 £ 42

185+ 7

Table 6.5: Results of two fits in CR; compared to MC predictions. The two fits are consistent,
but the fit without b-tagging information is less discriminating. The x?/ndf is 9.0/8 (5.67/8)
for the fit with (without) b-tagging information, and the linear correlation between the two

fit parameters is -30.6% (-56.9%).
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Figure 6.12: Output of the Barlow-Beeston fit to the BDT distribution in data, trained without
the information of the number of b-jets. Again the dotted line denotes the distribution of
the scaled sum of all Monte Carlo sources using the fractions from the Barlow-Beeston fit

algorithm.
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the statistical uncertainty of the data in CR; and the from limited size of the Monte Carlo
samples were investigated separately.

1. Uncertainty due to the number of data events j,,:
To obtain an estimate for the uncertainty due to the number of data events only, the
Monte Carlo distributions of the BDT discriminant are scaled by a factor in the range
from 2 to 100. The fit is then performed with the changed distributions and it is
determined when the Monte Carlo uncertainties become a negligible effect on the fit
results. Figure 6.13 shows the evolution of the uncertainties evaluated from the fit for
the two parameters. It is seen that the uncertainties do not change for a scale factor of
~ 30 and above. This uncertainty is then taken as 0y,,. The reason for not just scaling
the samples by a very large number is that the fit gets numerically unstable for very

large scaling factors and thus the calculated uncertainties cannot be trusted anymore.

2. Uncertainty due to limited size of simulated Monte Carlo samples opc:

To estimate the uncertainty due to the limited statistical precision of the simulated
Monte Carlo samples, a toy study has been performed. Instead of obtaining the frac-
tions for the W+jets and top contributions from a fit to ATLAS data, a toy-data set is
built by fluctuating all simulated input templates separately in each bin, according to
a Poisson distribution. 10000 such toy-data distributions are created.

The fluctuated Monte Carlo sources are added up. The unfluctuated Monte Carlo tem-
plates are then used to fit the toy-data distribution and to obtain the fractions for the
W+jets and top contributions.

Figure 6.14 shows the result the 10000 fits to toy-datasets. From the widths of this
distributions, obtained by fitting a normal distribution to the resulting histogram, two

uncertainties are extracted.

The two uncertainties o,y and oymc are added in quadrature for W+jets and top separat-
ley. The resulting total uncertainties are given in table 6.5.

Using the nominal results, two scale factors are derived for the W+jets and top contribu-
tions in CR; by comparing the yields obtained from the fit and the expectation from Monte
Carlo:

# of fitted events in sample i

fi (6.15)

" #of expected events from MC in sample i

The scale factors for W+jets and top are:
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Figure 6.13: Evolution of the uncertainty on the two fit parameters. W+jets contribution (left)
and top contribution (right) for different scalings. Both uncertainties reach a constant value
for a scale factor of ~ 30. This value is taken as the uncertainty of the W/top fit parameter
due to the statistical uncertainty of the data in CR;.

fw = 0.76 £ 0.03 (6.16)
op = 1.59 £ 0.15. (6.17)
p

which lead to the following estimate for the number of W+jets and top event yields with
true tau leptons in the signal region:

Nipfiue = (4.0 4+ 1.4) events (6.18)
Nioy true = (3.7 £1.5) events . (6.19)

The uncertainties quoted include the statistical uncertainties on the number of Monte Carlo

events in the signal region and the uncertainties on the scale factors.

Figure 6.15 shows the input variables to the BDT and the BDT itself after applying the
fitted scale factors to Monte Carlo in CR;. A significantly improved agreement between data
and Monte Carlo is seen in all of these distributions.
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Figure 6.14: Result of 10000 fits of the input templates toy-data distributions for the W+jets
fraction (left) and the top fraction (right). The black lines indicate the true fractions from
Monte Carlo simulation. The uncertainties due to the limited number of simulated Monte
Carlo events is taken from a Gaussian fit to the distributions. The fitted parameters of the
normal distributions are also shown.
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Figure 6.15: Input variables to the W /top separation BDT and the BDT discriminant itself,
shown in the true-tau control region CR; after applying the scale factors obtained from the
Barlow-Beeston fit. The errorband shows the combined statistical uncertainty on the scale
factors obtained from the fit.
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identified tau lepton misidentified tau candidate total
W+ets | 102.7 = 7.8 844 +70 187.1 +10.5
top 589 £ 7.8 62.1 + 8.2 121.0 £ 11.3
Z+jets 54+ 17 70.0 £ 135 754 + 13.6
QCD -+- 6.6 +2.7 6.6 +2.7
total 167.0 £ 11.2 2231 £ 175 390.1 £+ 20.7
data 350

Table 6.6: Numbers of observed and expected events in CR;. The numbers of expected
W+jets and top events have been corrected by the scale factors measured in CR;.

6.2 W+jets / top background with misidentified tau candidates

The low-mr (T, EXs8) control region CR; is suitable to obtain scale factors for W+jets and top
events with identified tau leptons. To estimate the background with misidentified tau can-
didates a different control region, CRy, (see figure 6.2) is used. From figure 6.1 it is obvious
that only a small fraction of W+jets and top events with truth-matched tau candidates does
not end up in CR;. Table 6.6 shows the number of events in CR; split up in contributions
from identified tau leptons and misidentified tau candidates. The numbers of events from
W+jets and top are already scaled by the factors derived in CR;.

It can be seen that, although the number of events with misidentified tau candidate is
substantially larger than in CR;, there are also sizeable contributions from events with truth-
matched tau candidates. In order to calculate a scale factor for events with misidentified tau
candidates only, the expected contribution from events with truth-matched tau candidates
is subtracted from the data and compared with the total expectation of Monte Carlo events
with misidentified tau candidates.

Unlike the procedure done in CR; this scale factor characterizes all non-QCD events with
misidentified tau candidates instead of using different scale factors for different physics

processes.

NCRZ _ NCR2
frake = R e (6.20)
fake

Using table 6.6 and equation 6.20, the fake-tau scale factor fy., is obtained:
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Figure 6.16: Comparison of the sources of misidentified tau candidates between CR; (left)
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from light quarks, tau candidates from gluons and unmatched tau candidates.

350 — (167.0 +11.2)

— — 0.82+0.10 6.21
fake 2231+17.5 (6.21)

The uncertainties on the numbers are the combined uncertainty due to the number of
Monte Carlo and data events and the uncertainties on the W+jets and top scale factors de-
rived in CR;.

To use this scale factor to correct the background from misidentified tau candidates in the
signal region, it needs to be checked that the misidentified tau candidates described in CR;
are similar to the ones in the signal region with respect to the parameters related to the
misidentification probability of the tau identification.

As described in section 4.2, the tau identification is particularly sensitive to the sources and
the transverse momentum of the misidentified tau candidates. Figures 6.16 and 6.17 show
the source split up in different categories and the transverse momentum of the misidentified
tau candidate in CR; and in the signal region side by side.

It is found that the two regions in phase space are quite similar with respect to the sources
and the transverse momentum of the misidentified tau candidates which gives confidence
that the scale factor for misidentified tau candidates derived in CR, can be used to model

the contribution from misidentified tau candidates in the signal region.

When applying this scale factor to the Monte Carlo expectation of events with misidenti-

fied tau candidates from W+jets and top in the signal region an event yield of
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Figure 6.17: Comparison of the pt of the misidentified tau candidates between CR; (left) and
the signal region (right).

Ns top, fake = (11.8 +2.5) events (6.22)

is obtained. The uncertainty includes the statistical uncertainty on the Monte Carlo samples,
the uncertainties on the three scale factors, fw, fiop and fiy 1 top, fake and an additional sys-
tematic uncertainty on the mixture of the various backgrounds in the Monte Carlo. The
latter uncertainty is estimated by varying the relative fractions of W+jets, top and Z+jets
events with misidentified tau candidates by 50% up and down and the relative fraction of
QCD-multijet events by 100%. Then the sum of background events with misidentified tau
candidates in the signal region is recalculated. On average this adds an additional uncer-
tainty of ~ 6%.



Chapter 7 Estimation of the QCD-multijet back-
ground

This chapter presents a data-driven technique for estimating the number of background
events from QCD-multijet production.

Due to the large production cross-section and the small number of Monte Carlo events after
requiring an identified tau lepton, a dedicated data-driven estimation is mandatory to suf-
ficiently understand the background contribution from QCD-multijet events in the signal
region. The presented method gives only a rough estimate, which is sufficient, because the
QCD-multijet background in the signal region is expected to be small compared to the other
backgrounds in the analysis.

A first attempt to obtain an estimate of the QCD-multijet background in the signal region
was presented in section 5.3.1. For that method, a separate dijet selection was used to de-
termine the tau lepton misidentification probabilities from data and weigh the Monte Carlo
according to these. To determine the QCD-multijet background from data a so-called matrix-
method is presented. First an overview of the concept of the matrix method is explained in
section 7.1 and some modifications to the method that need to be applied are discussed in
section 7.2. At the end of the chapter, studies to validate the method are presented.

The method of reweighting the Monte Carlo according to the misidentification probabilit-
ies is needed mainly to have a large enough Monte Carlo sample to investigate the require-
ments to reject the QCD-multijet background in the analysis. Furthermore it is needed as
a starting point for the estimation of the W+jets and top scale factors, since they are used
for this data-driven estimation of the QCD-multijet background. Of course they can also be
used to cross-check the results obtained with this method. It is also important to have the
dedicated QCD-estimation in CR;j, since the estimation presented here can not be used in

the low mr (T, E®%) region.
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Figure 7.1: Schematic view of the control regions (CR) A—C and the signal region (SR) D in
the 0,-6, paramter space.

7.1 Overview of the method

The general strategy of the data-driven QCD-multijet estimation is to define a QCD enhanced
region in phase space that includes the signal region and can be subdivided into three QCD-
enhanced control regions, A, B and C and the signal region, D, by requirements on two
uncorrelated variables 6; and 6,. This is shown in a schematic view in figure 7.1.

The number of data events from one of the regions separated by only one requirement
(either on 6; or 6,) from the signal region D, e.g. region C is extrapolated to the signal
region by multiplying the number of QCD-multijet events in control region C by the ratio
of QCD-multijet events in regions B and A. The same can be done by using the number of
QCD-multijet events in region B and multiplying it by the ratio of QCD-multijet events in A
and C.

Two assumptions are made for this procedure:

e The ratio of the number of QCD-multijet events in region B and A is only equal to the
ratio of number of QCD-multijet events in regions D and C if the two variables 6; and

0, are uncorrelated.

o If shapes are plotted of variables for the estimated QCD-multijet background the shape
of the variable in region C has to be equal to the shape of the variable in the signal
region D.

To define a region in phase space with both a large number and high purity of QCD-
multijet events, the tau identification is loosened. This is done by applying a very loose

preselection on all tau candidates in the event. The preselection criteria are:
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i |q’tau candidate < 3 and

L4 Ntracks, tau candidate > 6.

All tau candidates passing these preselection criteria are in the following called loose tau
candidates.
To be able to suppress non-QCD backgrounds, one of these loose tau candidates is chosen
randomly in every event. The event is then propagated through the selection, omitting the
requirements on the angular separation between the first two leading jets and EX* in the
event, A(p(jetl,z, E%‘iss), because they are later used as one of the variables to split the sample
into the four regions.
The randomly chosen tau candidate is needed to be able to apply the requirement on
mr (T, EFS) to reduce the W+jets and top backgrounds.

The omitted requirements on A¢(jet, ,, Ef¥**) and the identification decision for the ran-
domly selected tau candidate are then used to divide the obtained sample into four regions:
A, B, Cand D.

e Regions A and C contain events where the randomly chosen tau candidate fails the
tau identification criteria.
Events where the tau candidate passes the tau identification are included in regions B
and D.

e Events which pass the requirements on A¢(jet, ,, EMiss) > (.3rad are included in re-
gions A or B
Regions C and D contain events which fail the requirement on A¢(jet, ,, Emiss),

This makes region D the signal region, corresponding to the nominal selection. Regions A,

B and C are control regions. The definition of the different regions is summarized in table 7.1.

Table 7.2 shows the number of data and simulated events for the four different regions

To obtain an estimate for the number of QCD-multijet events in the signal region, the
number of QCD events in region C is transferred to the signal region D by multiplying with
the ratio NSCD / NSCD:

B
Noep

— .
Noep

This equation only holds if there are no correlations between the variables used to split
the samples. Also, only the number of the sum of all contributions in the different regions

is known. To obtain the number of QCD-multijet events in the three control regions, the
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fail tau identification pass tau identification

Ntrk<6, ‘q|<3 Ntrk:10r3, |q|:1

Small A¢ (inverted cuts) | Control region A Control region B

Large A¢ (nominal cuts) Control region C Signal region D

Table 7.1: Definition of signal and control regions for the QCD-multijet background estima-
tion method. A¢ stands symbolically for the requirements on the angular separation between
E‘Tniss and the first two leading jets in the event. The requirements on Ny, and |g| are not
additional requirements but are used to identify tau candidates in the nominal selection (see
section 4.2).

data  W+jets top Z+jets QCD

Region A | 4643 273434 204+29 230+£37  4109+697
Region B | 22 2.5+1.4 2.7%£1.0 6.3£5.1 0.13£0.06
Region C | 6612 1980+£226 1359+187 2087+232 5174257

Region D | 57 21.1+4.7 21.943.7 203479 0.28+0.28

Table 7.2: Numbers of data and simulated events in the four regions of the QCD background
estimation method. The Numbers for W+jets and top are scaled with the factors obtained
in chapter 6. The errors shown include Monte Carlo statistical uncertainties and statistical
uncertainties on the scale factors.
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contributions from non-QCD backgrounds need to be subtracted.

7.2 Modification of the method

In order to account for the relatively small number of events in control region B and the con-
tamination from non-QCD backgrounds in the control regions, modifications to the matrix-

method have to be introduced:

e Small number of events in control region B:
Unfortunately, with the dataset used for the analysis, the number of events in the
control regions, especially in region B, is small. To increase the number of QCD-
multijet events, the requirement on Effniss / megs is loosened in all regions with respect to
the nominal analysis from E%ﬁss/ megs > 0.25 to E‘Tniss/ megr > 0.1.

e Contamination from W+jets, top and Z+jets events in the control regions:

While regions A and B are clearly dominated by QCD-multijet events after the loosened
requirement on ErTmss /megs, there is a sizeable contamination from W+jets, top and
Z— vv+ets in region C. To obtain the number of QCD-multijet events in the three
control regions, the number of non-QCD background events is subtracted from data in
each region separately.

Figure 7.2 shows the distribution of EIT“iSS/ meg in region C. It can be seen that a large
amount of non-QCD background has to be subtracted from data, which results in a
large uncertainty on the number of QCD-multijet events.

In order to reduce the amount of contamination that needs to be subtracted, an ad-
ditional requirement on EIT“iSS/ megg < 0.25, which is the reversed requirement with
respect to the nominal analysis used there to reject QCD-multijet background, is set
only to events in region C, indicated in figure 7.2 by the black line with an arrow. This

requirement reject a large fraction of the contamination from non-QCD backgrounds.

For the final estimate of the number of QCD-multijet events in signal region D, an
extrapolation from the restricted E%‘iss/ Megf TEZiON (0.1 < E%ﬁss [ Megr < 0.25) to the one

used in the nominal selection (EXS/meg > 0.25) needs to be performed.

The numbers of data and simulated events split up in the four different regions with
the additional requirements are summarized in table 7.3. The Monte Carlo expectations
for W+jets, top and Z+jets production are scaled using the factors derived in chapter 6.

Figure 7.3 shows the mqg distribution in the four different regions. Clear normalization
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Figure 7.2: Distribution of EXSS/meg in control region C. The additional requirement in-
tended to reduce the contamination from non-QCD backgrounds - especially Z— vv - is
indicated by the vertical line.
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data Wjets top Z+jets QCD

Region A | 11085 344.9+41.6 266.3+42.5 272.6+40.7 92344861
Region B 42 3.0+1.6 3.6+1.2 6.3£5.0 110+£90

Region C | 1111 185.5+51.1 122.8+£30.0 105.1+45.2 333.7435.3

Region D | 60 22.5+4.8 2151440 22.74+84 4.54+4.1

Table 7.3: Numbers of data and simulated events in the four regions of the QCD background
estimation method. In contrast to table 7.2, the selection requirements are changed as dis-
cussed in section 7.2.

differences between data and Monte Carlo, but also some differences in the shapes of the
distributions at the 5% to 30% level is seen.

The numbers of QCD events in regions A—-C are obtained by subtracting from data the
contamination due to non-QCD backgrounds using the Monte Carlo prediction scaled with
the factors derived in chapter 6. These “corrected” numbers are then used to obtain NgCD in

the intermediate EIT“iSS/ Mefs TEGiON:

B
NBCD ) = chrrected X Nc%rrected
0.1 <EF™™®/meg< 0.25 Ncorrected 0.1 <EF'S/ g
291
~10201.1

= (2.0+0.6) events .

0.1 <EMSS /meg< 0.25

x 697.6 (7.2)

The uncertainty on this value includes the statistical uncertainties on the data in the dif-
ferent regions, the uncertainty due to the limited size of the Monte Carlo samples and the
uncertainties on the factors used to scale the non-QCD samples.

An additional uncertainty on the number of W+jets, top and Z+jets in region C is included
to account for a possible mismodelling of the tau identification in the simulation. Since the
requirement on the tau identification is used to separate region C and region D, 100% of the
contribution in the signal region D, corresponding to additional 22.5 events for W+jets, 21.5
events for top and 22.7 events for Z+jets, is added to the total uncertainty of these samples in

region C. This translates to an uncertainty on the tau misidentification probability of ~ 16%.

The result in the intermediate E%ﬁss / Mg region needs to be transferred to the high E%liss /e > 0.25
region. The transfer factors needed to calculate the number of QCD-multijet after the
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Figure 7.3: Distribution of the effective mass in the four different regions of the QCD-multijet
background estimation method. Upper left: control region A, upper right: control region B,
lower left: control region C, lower right: signal region D. The non-QCD backgrounds are
scaled using the factors obtained in chapter 6. The errors shown include both the Monte
Carlo statistical uncertainties and the uncertainties on the scale factors.



7.2 Modification of the method 83

3 F LI I L B
d - ATLAS — Monte Carlo -
< 2500 . _
@ - Work in Progress [oco ]
c - 1 a
o o = i
+ C D“’p .
1500 * l: ]

B @ data2011 ]

1000 ]
500 -

07 —

0 01 02 03 04 05 06 07 08 09 1

©) 2 ‘ -
= 15 -.- --- .- +
3 1 e
B - o '
S 05
% 01 02z 03 04 05 06 07 08 09 1

Miss
E; /mEff

Figure 7.4: EI /mq distribution in control region A. This distribution is used to calculate
the extrapolation factor from the intermediate ET"%°/m region to the signal region.

mr (T, EP'%) requirement and the final requirement mq > 600 GeV, is obtained in control
region A and amount to 0.63 & 0.02 and 0.200 = 0.010 respectively. The ET /g distribu-
tion used to calculate the extrapolation factors is shown in figure 7.4.

The resulting QCD background estimates are

NQDCD’ = (1.25+ 0.37) events (7.3)

EDSS /imtog> 0.25

for the number of events after the requirement on mr (T, EX), and

SR

Neep = Njep = (0.39 £ 0.12) events (7.4)

EDSS /o> 0.25&Hmege> 600 GeV

in the signal region. This result is consistent with the one obtained by the Monte Carlo
weighting method (see table 5.4) which yields (0.4 £ 0.1) events in the signal region.
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Figure 7.5: Comparison of the mg distributions for QCD Monte Carlo and the QCD estimate
from data, with the non-QCD backgrounds subtracted off. The histogram is shown for all
four regions (A,B,C,D) combined in order to have a reasonable statistical precision. Note:
The Monte Carlo expectation is shown as black closed circles with error bars.

7.3 Validation of the method

To ensure that all assumptions made in the QCD estimation method are fulfilled and to test

the statistical robustness of the method several validation studies have been done.

As a first test, the sample obtained by subtracting the non-QCD backgrounds from data
is compared with the QCD Monte Carlo. Figure 7.5 shows the meg distribution for this
sample together with the distribution from QCD-multijet Monte Carlo simulation for the four
regions of the matrix method combined. A good agreement between the two distributions is
seen within the large statistical uncertainties of the QCD simulation.

7.3.1 Check for correlations

Since the matrix method requires that the variables used to split the sample in the four
regions are uncorrelated, the correlation between A¢ (jetm, E%‘iss> and the tau identific-
ation BDTy,, has been studied. Figure 7.6 shows the distribution of BDTy,, in slices of
A (jetlrz, E%‘iss> for the W+jets and QCD-multijet Monte Carlo samples. Three regions
of A¢ are chosen to have approximately equal number of events. The chosen regions are
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Figure 7.6: Distributions of the tau identification BDTy,, in slices of A¢. Three regions of
A¢ are chosen to have approximately equal numbers of events. They are shown in different
colors. The plots on the left show A¢ for the leading jet, while those on the right show A¢ for
the second-leading jet. The top plots show the QCD-multijet Monte Carlo while the bottom
shows the W+jets simulated sample.

A¢p < 2.45rad,2.45rad < Ap < 2.85rad, Ap > 2.85rad. No significant correlations are seen
for QCD-multijet and W+jets simulation, but the statistical uncertainties are still sizeable.
The same has been found for the backgrounds from top and Z+jets.

As a second test of the correlations, the mg-distributions are compared between the com-
bined regions A+B and C+D and between regions A+C and B+D. The results are shown in
figure 7.7 for data with the contributions from W+jets, top and Z+jets subtracted off. It can
be seen that the for both figures the two distributions are somewhat shifted with respect to
each other. Since the effective mass is calculated with the pr of the two leading jets in the
event, the shift in the distributions of the combined regions A+B (ET** due to mismeasure-
ment of one of the two leading jets) and C+D (no angular correlation between the first two

leading jets and ET*S) can be understood. If EMS can be regarded as a mismeasurement



86 Chapter 7 Estimation of the QCD-multijet background

[Cacoina+s 03 [Cacoina+c

0.2 —e— QCD in C+D I —e— QCD in B+D
0.25
0.15 + + 0.2
0.15

0.1
0.05

0.1

0.05

-0.05
-0.1]

0 o 00o%:

A ad &

Entries normalized to unity / 100 GeV

Entries normalized to unity / 100 GeV

P S N B B P N R B
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Mgy [GeV] Mgy [GeV]

o

Figure 7.7: Comparison of the shapes between the mg-distributions in the combined regions
with low A¢(jet, ,, ET™S) A+B and high A¢(jet, ,, ET'S) C+D (left) and the combined regions
with failed tau identification A+B and passed tau identification C+D (right)

of one of the two leading jets this jet needs to have large initial pt. Since the jets in QCD-
multijet events need to be balanced in pr, the second jet also tends to have very large pr.
This shifts the m,g distribution to larger values.

The difference in the distributions of the combined region A+C and B+D can explained with
the strong dependency of the tau misidentification probability on the pt of the tau candidate
which is also used to calculate the effective mass.

These discrepancies causes a problem, because the transfer factor from the intermediate
E%ﬁss / Mgt region to the high E’fT’niss / megs region is taken from the control region A. To account
for this, the transfer factor is also calculated in control region B, which has the same identific-
ation criteria applied to the loose tau candidate as in the signal region D. The transfer factors
from region B amount to 0.6 + 1.0 for the QCD-multijet background after the mr (T, ETis)
requirement and 0.5 & 0.4 for the signal region. Figure 7.8 shows the EM /¢ distribution
in control region B used to calculate the transfer factors.

The number of expected QCD-multijet events in the signal region is recalculated using the
transfer factor derived in region B. This yields an estimate of (1.1+0.9)events for the of
QCD-multijet background in the signal region. The very large uncertainty on this number
is due to the small number of data events in region B. To account for the discrepancy in the
two transfer factors the difference between the estimate in equation 7.4 and the one obtained
with the transfer factor from control region B is taken as an additional uncertainty.

This results in the final estimate for the number of QCD-multijet events in the signal region
of

KER o = (0.4 £0.7) events , (7.5)
QCD
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Figure 7.8: E?SS /mg distribution in control region B. This distribution is used to calculated
the alternative transfer factor from the intermediate EF"*°/m.g region to the signal region.

where only the uncertainty has changed compared to the result from equation 7.4.

7.3.2 Test of the robustness

To validate the statistical robustness of the presented method a toy Monte Carlo study has
been performed. The test data used for this study is obtained by fluctuating the sum of
the non-QCD backgrounds within its uncertainty, as well as the QCD-multijet background
obtained by subtracting off the non-QCD contributions from data and adding these two
contributions up.

This is done in regions A—C independently. The number of events for the test data is then
used to calculate the estimate NQDgé”C by applying the full method described above. This is
repeated 10000 times.

Figure 7.9 shows the distributions of the estimated value, the corresponding uncertainty of

D, fluc

No¢p and the pull distribution defined by
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[ 7.6
w U'ND ( )

true

with N2, being the result obtained with the nominal (unfluctuated) inputs and its uncer-
tainty oxp .
For the number of estimated QCD-multijet events and its associated uncertainty the nominal
value of (0.39 £ 0.12) events from equation 7.4 is indicated by the black lines in the distribu-
tions. They both are located near the peak of the distributions.
The pull distribution is slightly asymmetric, but can still be reasonably well approximated by

a normal distribution centered close to zero, indicating that the method is largely unbiased.

An additional study to evaluate the robustness of the method to changes of the require-
ments on ETSS /g and Ag(jet, 5, EMis$), has been performed. For this study the values of
the requirements on EM /i, A¢ (jet;, EXS) and A¢ (jet,, ETi*) are changed independ-
ently. The lower requirement on ErTniSS/ meg is varied in 5 steps from E%‘iss/ Megg > 0 to
EMiSS /mqg > 0.2. The requirements on the angular separation between the two leading jets
and EMs js changed from the nominal value of A¢ (jetm, Efr“iss> > 0.3 by a value of 0.05 up
and down. In total, 45 different sets of requirements have been tested.

With these changed samples, the QCD-multijet estimation procedure is repeated and the res-
ults obtained are compared with the result of the nominal selection. Figure 7.10 shows the
estimated number of QCD-multijet events and the uncertainty for the 45 variations. While
there are some differences that can easily be understood since the definition of the signal
regions changes (the signal region gets larger if the requirements on A¢ (jet1,2' E%ﬁss> is
loosened and smaller if it is tightened), it can be seen that the results are stable against the

variations on these variables.

These studies show that the method yields a robust estimate for the QCD-multijet back-

ground.

7.4 Results

It was shown that with the matrix-method presented in this chapter, a data-driven estimate
of the number of QCD-multijet background events in the signal region can be obtained.
The estimate is largely unbiased and robust against statistical fluctuations and variations
on the requirements on A¢(jet, ,, EMiss) and EXSS /me. The final estimate of the number of

QCD-multijet events in the signal region is:
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Figure 7.9: Results of 10000 toy MC experiments validating the matrix method for QCD-
multijet background estimation. The number of expected QCD backgrounds extrapolated
into the signal region (top left), its associated uncertainty (top right) and the pull distribution
(bottom) are shown. The nominal values for the estimated number of QCD-multijet events
and its uncertainty are indicated by the black lines. To guide the eye, the pull distribution is
fitted to a normal distribution.
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Figure 7.10: Estimated QCD background in the signal region for 45 different combinations of
cuts defining the regions A, B, C and D. The different colored points correspond to different
values of the lower cut on EFS /mg. Within each group of colored points, the nine variations
correspond to three variations on each of the leading and second-leading jet A¢ cuts, varying
the cut up to 0.35, using the nominal value of 0.3, and varying the cut down to 0.25. The
nominal set of cuts corresponds to the fifth green point.
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N = (044 0.7) events . (7.7)

This value is used for the results presented in chapter 9. It has a large uncertainty and can
therefore only be regarded a “rough” estimate of the number of QCD-multijet background
events. This is still sufficient, since this background is very small compared to the other
Standard Model backgrounds in the analysis.






Chapter 8 Systematic uncertainties

Up to this point no systematic uncertainties on the different physics objects have been con-
sidered. In this chapter the sources of systematic uncertainties are shortly explained and
their impact is quantified for all backgrounds separately and the final estimates for the dif-

ferent backgrounds are given.

The systematic uncertainties on the following quantities were taken into account:

e Jet energy scale

Jet energy resolution

Tau energy scale

Tau efficiency and misidentification probability

b-tagging efficiency

e Energy scale, resolution, efficiencies and misidentification probabilities of the light
leptons

Most of these systematic uncertainties have been studied by the various combined per-
formance groups within ATLAS which publish recommendations depending on the dataset
and the physics objects.

8.1 Determination of the systematic uncertainties

For the QCD-multijet background, the systematic uncertainties are evaluated by applying the
recommended variations to the different physics objects; this is done twice, independently
for all the systematic uncertainties considered, shifting the value of the quantity at question
by +1c. On these changed events the event selection for the signal region is applied and, to

calculate the effect of each of the systematic uncertainties, the resulting number of events is
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compared with the nominal event yield. To be less affected by possible statistical fluctuations
the QCD-multijet sample, reweighted wit misidentification probabilities is used.

For the W+jets and top contributions a different method is used. Instead of comparing
the different yields in the signal region for the Monte Carlo samples, the effect of the sys-
tematic uncertainties on the transfer factors Ncg,/Nsg and Ncg,/Nsr (see chapter 6 for the
definition of the two control regions), for events with identified tau leptons and events with
misidentified tau candidates respectively, are studied.

The reason for this is, that some of the systematic uncertainties effect the event yield in the
signal region in the same way as in the two control regions, hence these systematic uncer-
tainties (partially) cancel when applying the transfer factor to the Monte Carlo expectation.
With the transfer factors from the two control regions to the signal region the event yields
can be compared to the ones where no systematic variation is applied.

The jet energy scale and tau energy scale are treated as fully correlated. This is a conservative
assumption leading to larger uncertainties, since the variations of the two energy scales shift
the transfer factors into the same direction.

Table 8.1 summarizes all uncertainties that go into the final estimates of the different back-

grounds.

Both transfer factors depend on the fractions of W+jets and top in CR; which is obtained
by fitting the distribution of the BDT discriminant. To account for the changes due to the
systematic variations in the obtained fractions, the fit to the BDT is repeated independently
for each of the systematic variations. The changes to the scale factors for W+jets and top
compared to the nominal result are shown in table 8.2.

In the following, a brief description of the different systematic uncertainties are given and

it is explained how they are evaluated for the analysis.

8.1.1 Jet energy scale and resolution

The jet energy scale (JES) describes the relation between the true energy of a jet and the
response of the calorimeter. The uncertainty on this relation has been studied by the ATLAS
Jet/Etmiss Combined Performance Group and is described in detail in [42]. It is dependent
on 1 and pr of the jet. An additional correction is applied if a second jet is close-by [43]. The
uncertainties are then applied to the event by rescaling the transverse momentum of all jets
above pr = 20GeV in a fully correlated way. The uncertainty on the jet energy scale ranges
from below 2.5% for jets above pr = 60 GeV in the central calorimeter region (|77| < 0.8) to
14% for jets between pr = 20GeV and pt = 30 GeV in the forward region (3.2 < || < 4.5).

The jet energy scale uncertainty is also propagated to the missing transverse energy.
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The corrections to the jet energies are applied before the jet-tau overlap removal. In this
way the energy of all tau candidates is rescaled for the EFsS correction as well, which is ap-
propriate since there is no dedicated term for tau leptons in the used definition of E*5(see
chapter 4) and tau candidates are treated as jets.

The uncertainty on the jet energy resolution arises from the finite precision of the detector
simulation. The studies done by the Jet/Etmiss Combined Performance Group found the
jet energy resolution to be in the order of 10% [44, 45]. The uncertainties provided by the
Combined Performance Group are binned in pt of the jets and they are applied by smearing
the energies of all jets in the event randomly according to their uncertainty. The modified jet

energies are propagated to EM* in the same way as for the jet energy scale uncertainty.

8.1.2 Tau energy scale

For tau candidates an additional uncertainty on the energy scale to the one from the jet en-
ergy scale is applied due to the different calibration used. The uncertainty is dependent on
7%, pt and the number of tracks associated with the tau candidate and ranges from 3.5% to
9.5%. It is applied in the same way as the jet energy scale but only to tau candidates that
pass the identification criteria.

Since the effect on the energy scale uncertainty for tau candidates on ET is already accoun-
ted for by the jet energy resolution no correction to EXS for the tau energy scale uncertainty

is done.

8.1.3 Tau misidentification probability rate and efficiency

The uncertainty on the tau misidentification probability and tau efficiency are still under
study by the Tau Combined Performance Group.

For W+jets and top backgrounds, these uncertainties are already included in the uncertainty
on the transfer factors from the two control regions to the signal region, thus no additional
systematic uncertainty has to be applied.

For the QCD-multijet background the uncertainty on the tau misidentification probability
was obtained with a dedicated dijet selection [32].

8.1.4 b-tagging efficiency scale factor and uncertainty

The number of tagged b-jets in the event is used to separate W+jets from top events in
section 6.1.2. The efficiency scale factor corrects for differences between data and simulation
and is provided together with an associated uncertainty on the efficiency of the tagger used

in the analysis by the Flavor Tagging Working Group at ATLAS. It is again dependent on
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Systematic [%] top W+ets QCD

Jet Energy Scale 126 9.3 10.3

Jet Energy Resolution |86 3.3 244

T Energy Scale 43 39 13.2
W /top fit stat. 95 43 -
W /top fit syst. 97 24 -
CR; statistical 78 7.8 -

CR; extrapolation to SR | 6.4 6.0 -

ABCD method - - 35.2
MC stat. 209 19.5 -
Total 31.5 25.1 46.0

Table 8.1: Systematic uncertainties in percent after the last cut step for W+jets, top and QCD.
The total systematic line includes the JES-TES correlation and treats the true- and fake-t
contributions separately for the W+jets and top contributions and so is not simply the sum
in quadrature of the individual uncertainties.

the jet kinematics and the flavor of the true quark, on which the efficiency of the b-tagging
algorithm is strongly dependent on.

The scale factor ranges from 0.880 to 0.958 with an uncertainties of 7.7% to about 16%. The
scale factor is applied as a weight to each event in the simulation.

8.1.5 Systematic uncertainties for light leptons

The impact of the systematic uncertainties of the light leptons on the number of selected
events is also studied, but has been found to be negligible, their efficiencies and misidenti-

fication probabilities are a lot smaller compared to the tau leptons.
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W+jets  top
b-tag efficiency up 0.024  -0.097
b-tag efficiency down  0.024  -0.097
Jet energy resolution  -0.012  0.032
Jet energy scale up -0.134  -0.090
Jet Energy scale down 0.159  0.155
Tau energy scale up 0.012  0.013
Tau energy scale down 0.024  0.019
Total 0212  0.229

Table 8.2: Relative deviations in the scale factors for the W+jets and top contributions, meas-

ured for different systematic variations.
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In this chapter, first an overview of the results of the signal selection using the background
estimates from chapter 6 and 7 is given. The results are compared to data after the require-
ment on my (T, Efrniss) and in the signal region.

In section 6.1 two scale factors for the contributions from W+jets and top with identified

tau leptons were derived. The scale factors with respect to the Monte Carlo prediction are:

fw = 0.76 +0.03 ©9.1)
wop = 1.59 £ 0.15. 9.2)
P

Figure 9.1 shows the m.¢ and the EIT‘niss distributions in the true-tau control region CR; be-
fore and after the scale factors are applied. A slight improvement between data and Monte
Carlo is seen in both variables. To quantify the improvement a Kolmogorov-Smirnov test has
been performed on both distributions. The K-S probability for the m,g distribution increases
from 0.97 to 0.99 and from 0.47 to 0.67 for the EM* distribution.

Both variables were not used in the training of the BDT classifier, used to separate the W+jets
and top backgrounds, to derive the two scale factors.

In a different control region, CR, a combined scale factors for W+jets, top and Z+jets

events with misidentified tau candidates, ft., was derived (see section 6.2):

frake = 0.82£0.10 . (9.3)

Figure 9.2 shows the m¢ and E‘TniSS distributions in CR,. First without any scaling, then
after the scale factors from CR; are applied to the W+jets and top Monte Carlo samples and
after the additional scale factor derived in CR; is applied. Again, a slight improvement in
the agreement between data and Monte Carlo is seen. As for the distributions in CR; a

Kolmogorov-Smirnov test was performed. For the mgg distribution the K-S probability in-
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Figure 9.1: mg distribution (left column) and EITniss distribution (right column) in the true-
tau control region CR; before (top figure) and after (bottom figure) the W+jets and top scale
factors are applied. The error band includes the statistical uncertainty on the sum of all
backgrounds and the uncertainty on the scale factors (if applied).
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Requirement Data top Wjets Z+jets QCD Y sm

mr (T, ERS) >110GeV 96 | 45+ 13  38+10 343 +84 3.8+38|121.1+ 328

Mege > 600 GeV 20 94+£33 101 £33 97£25 04+£07| 29690

Table 9.1: Numbers of events observed in data and estimated Standard Model backgrounds
for an integrated luminosity of 2.05 fb~!. The uncertainties include all statistical and system-
atic uncertainties.

creases from 0.64 (before scaling) to 0.68 (after scale factors from CR; are applied) and 0.81
(after all scale factors are applied). The same has been done for the EM distribution. The
K-S probabilities obtained are 0.87, 0.9 and 0.94 respectively.

In chapter 7, a data-driven estimation of the QCD-multijet background was presented. The
final result for the number of QCD-multijet events in the signal region is:

Ntp = (0.4 +0.7) events . (9.4)

The number of observed data events and the estimated Standard Model backgrounds for
an integrated luminosity of 2.05fb~! is summarized in table 9.1. The numbers include the
statistical and systematic uncertainties discussed in chapter 8.

The W+jets and top estimates include the contributions of both correctly identified tau
leptons and misidentified tau candidates. Both samples have a purity of correctly identified
tau leptons of about 35% in both selection steps shown in table 9.1. The Z+jets and QCD-
multijet backgrounds consist entirely of events with misidentified tau candidates.

The expected number of background events for Z+jets is based on simulation but is correc-
ted with the scale factor for events with misidentified tau candidates derived in section 6.2,
the W+jets and top backgrounds are based on data from the control regions described in
chapter 6 and the number of QCD-multijet events is estimated from data in chapter 7.
Other backgrounds, mostly from diboson production have been found to amount to less than
0.2 events and are neglected for this analysis.

The expected signal yields for the GMSBX“;?OZ % and GMSBt;\n;ﬁO: % SUSY scenarios are 54.8
and 10.5 events after the requirement on mrt (T, E%ﬁss), respectively, and 49.5 and 9.6 events
after the requirement on m.¢. The observed event yields are consistent with the total expect-

ation from Standard Model processes within slightly more than one standard deviation.

The distributions of the effective mass, Elrniss and the pr of the leading tau candidate and
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Figure 9.2: meg distribution (left column) and E%‘iss distribution (right column) in CR; before
any scaling is applied (top figure), after the scale factors from CR; are applied to the W+jets
and top samples (center figure) and after the combined scale factor (fre) is applied to all
samples (bottom figure).
The error band includes the statistical uncertainty on the sum of all backgrounds and the
uncertainty on the scale factors (if applied).
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the leading jet in the event are shown in figure 9.3 before the final requirement mg¢ >
600 GeV. For illustration purposes, the distributions of the two reference GMSB signal scen-
arios are also shown. A good agreement between data and the Monte Carlo expectation is
seen for all variables. No excess of events that could be a sign of supersymmetry is observed

thus exclusion limits are set.

9.1 Exclusion limits

The results from the signal selection and the background estimation are used to calculate an
exclusion limit in the (A, tan ) plane for the GMSB scenario (see section 2.2.2). It is based
on the signal selection and background estimation presented in this thesis, but have been
produced within the SUSY+t group at ATLAS.

To calculate 95% confidence level upper limits, a profile log likelihood ratio (LLR) test is
used. The details of this method can be found in [46].

The general idea is to define a likelihood function L as:
L(nls,b,0) = Ps(n|s,b) x Csys(6) , (9.5)

where n is number of observed data events, b the sum of all estimated backgrounds, s the
number of expected events from the SUSY signal under study and 6 is a nuisance parameter
describing the systematic uncertainties. The function Ps is a Poisson-probability distribution
for the number of events in the signal region and Csys represents the constraints on the sys-
tematic uncertainties.

From this likelihood the LLR is computed which can then be used to find the one-sided
upper limit at 95% confidence level by inverting the signal model hypothesis test. The res-
ulting exclusion limit obtained in the minimal GMSB model in the (A, tan B) plane is shown
in figure 9.4. The region at large tan 8 and low A is theoretically excluded since it leads to
tachyonic final states. The remaining parameter space is partitioned into regions with differ-
ent types of NLSP particles. The limit set by the LEP experiments is also shown.

Values of A below 30 to 40 TeV are excluded, depending on tan .

In the context of the search for supersymmetry with two light leptons [47], an exclusion limit
was also obtained for the GMSB scenario. When comparing the two limits, it can be seen
that the two lepton analysis excludes larger values of A for smaller tan 8 while the limit
calculated in this analysis extend to larger tan 8, due to the enhanced coupling to the stau
with increasing tan p.
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Figure 9.3: Distributions of the effective mass (upper left), ETsS (upper right), the pr of the
leading tau candidate (lower left) and the leading jet pr. All distributions are shown before
the final requirement on m.¢. The yellow band denotes the combination of systematic and
statistical uncertainties for the sum of all Standard Model background. The error bars on the
black data points denote only their Poissonian statistical uncertainties.
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Chapter 10 Conclusion

In this thesis, techniques for estimating the W+jets, top and QCD-multijet background in
the search for supersymmetric particles in final states with jets, missing transverse energy
and tau leptons were presented. Data of pp-collisions recorded with the ATLAS detector at
the LHC in 2011 at a center-of-mass energy of /s = 7 TeV, corresponding to an integrated
luminosity of £ = 2.05fb~!, was used for the analysis.

Both processes with real tau leptons and real missing transverse energy and processes with
misidentified tau candidates or missing transverse energy due to detector effects are back-
grounds for this search.

The estimation of the W+jets and top backgrounds is divided into two parts: First the
estimation of the number of W+jets and top events with real tau leptons was performed,
using a W+jets and top enhanced control region. To separately estimate the two contribu-
tions, a Boosted Decision Tree that uses four characteristic variables, which separate between
the contributions from W+jets and top, was trained to classify events in that control region.
By comparing the expectations from simulation to data, scale factors for the W+jets and top
backgrounds were derived.

The combined number of W+jets and top background events with misidentified tau can-
didates was estimated in a second control region with enhanced contributions from events
with misidentified tau candidates. By subtracting off the contributions from W-+jets and top
events with real tau leptons from data and comparing the remaining number of events with
the expectation from simulation, a combined scale factors for events with misidentified tau

candidates was obtained.

The QCD-multijet background was estimated using a matrix-method. Instead of asking
for a tau candidate fulfilling all identification criteria, one tau candidate with only loose
preselection criteria was chosen randomly. The obtained sample was then split up in four
regions. The method only provides a rough estimate of the number of QCD-multijet events
in the signal region, which is sufficient, since it is seen that this background is very small

compared to the other backgrounds in the analysis.
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20 data events have been observed in the signal region with an estimated sum of Stand-
ard Model backgrounds of (29.6 +9.0) events. A good agreement between the data and the
Standard Model expectation is seen, thus the event selection and the background estimates
presented in this thesis were used to set exclusion limits in the (A, tan §)-plane in the GMSB

scenario. These exclusion limits are more stringent than limits from previous experiments.

In the future the systematic uncertainties on the various physics objects are expected to
decrease significantly. In addition to that, with a bigger dataset the statistical precision in
all control regions can be drastically increased. Both leads to more precise estimates on all
contributing backgrounds and subsequently better sensitivity for supersymmetric scenarios

not excluded in this analysis.



Appendix A Used Monte Carlo samples

Sample ID Name Generator €r- 010 [pb] k-factor € - onro [pb]
105200 ttbar T1 MC@NLO/Jimmy 164.57 0.543 89.36
105204 ttbarhad MC@NLO/Jimmy 164.57 0.457 75.21
108340 st tchan enu MC@NLO/Jimmy 7.12 1.0 7.12
108341 st tchan munu MC@NLO/Jimmy 7.12 1.0 7.12
108342 st tchan taunu MC@NLO/Jimmy 7.10 1.0 7.10
108343 st schanenu ~ MC@NLO/Jimmy 0.47 1.0 0.47
108344 st schan munu MC@NLO/Jimmy 0.47 1.0 0.47
108345 st schan taunu MC@NLO/Jimmy 0.47 1.0 0.47
108346 st Wt MC@NLO/Jimmy 14.59 1.0 14.59

Table A.1: Used tt and single t Monte Carlo samples with their corresponding sample IDs,
event generators, and filter efficiency times cross-sections.
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Appendix A Used Monte Carlo samples

Sample ID Name Generator € - 00 [pb] k-factor €¢- onnro [pbl
107680 WenuOp Aplgen/Jimmy 6921.6 1.20 8305.92
107681 Wenulp Aplgen/Jimmy 1304.3 1.20 1565.16
107682 Wenu2p Aplgen/Jimmy 378.3 1.20 453.95
107683 Wenu3p Aplgen/Jimmy 101.4 1.20 121.72
107684 Wenu4p Aplgen/Jimmy 25.9 1.20 31.04
107685 Wenubp Aplgen/Jimmy 7.0 1.20 8.40
107690 WmunuOp Aplgen/Jimmy 6919.6 1.20 8303.52
107691 Wmunulp Aplgen/Jimmy 1304.2 1.20 1565.04
107692 Wmunu2p Aplgen/Jimmy 377.8 1.20 453.39
107693 Wmunu3p Aplgen/Jimmy 101.9 1.20 122.26
107694 Wmunudp Aplgen/Jimmy 25.8 1.20 30.90
107695 Wmunubp Aplgen/Jimmy 6.9 1.20 8.30
107700 WtaunuOp Aplgen/Jimmy 6918.6 1.20 8302.32
107701 Wtaunulp Aplgen/Jimmy 1303.2 1.20 1563.84
107702 Wtaunu2p Aplgen/Jimmy 378.2 1.20 453.82
107703 Wtaunu3p Aplgen/Jimmy 101.5 1.20 121.81
107704 Wtaunu4p Aplgen/Jimmy 25.6 1.20 30.77
107705 Wtaunub5p Aplgen/Jimmy 7.0 1.20 8.45

Table A.2: Used W+jets Monte Carlo samples with their corresponding sample IDs, event
generators, filter efficiency times cross-sections, and k-factors.
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Sample ID Name Generator € - 00 k-factor ;- onnrLo [pb]
107650 ZeeOp Aplgen/Jimmy  668.3 1.25 835.40
107651 Zeelp Alpgen/Jimmy  134.4 1.25 167.95
107652 Zee2p Alpgen/Jimmy  40.54 1.25 50.68
107653 Zee3p Alpgen/Jimmy  11.16 1.25 13.95
107654 Zeedp Alpgen/Jimmy 2.88 1.25 3.60
107655 Zee5p Alpgen/Jimmy 0.83 1.25 1.04
107660 ZmumuOp Alpgen/Jimmy  668.7 1.25 835.85
107661 Zmumulp Alpgen/Jimmy  134.1 1.25 167.68
107662 Zmumu2p Alpgen/Jimmy  40.33 1.25 50.41
107663 Zmumu3p Alpgen/Jimmy  11.19 1.25 13.99
107664 Zmumudp Alpgen/Jimmy 2.75 1.25 3.44
107665 ZmumubSp Alpgen/Jimmy 0.77 1.25 0.96
107670 ZtautauOp Alpgen/Jimmy  668.4 1.25 835.50
107671 Ztautaulp Alpgen/Jimmy  134.8 1.25 168.51
107672 Ztautau2p Alpgen/Jimmy  40.36 1.25 50.45
107673 Ztautau3p Alpgen/Jimmy  11.25 1.25 14.06
107674 Ztautaudp Alpgen/Jimmy 2.79 1.25 3.49
107675 Ztautaubp Alpgen/Jimmy 0.77 1.25 0.96
107710 ZnunuNp0O Alpgen/Jimmy  26.71 1.282 34.22
107711 ZnunuNpl Alpgen/Jimmy 4514 1.282 578.54
107712 ZnunuNp2 Alpgen/Jimmy  197.6 1.282 253.29
107713 ZnunuNp3 Alpgen/Jimmy  59.89 1.282 76.75
107714 ZnunuNp4 Alpgen/Jimmy  15.61 1.282 20.01
107715 ZnunuNp5 Alpgen/Jimmy 417 1.282 5.34

Table A.3: Used Z+jets Monte Carlo samples with their corresponding sample IDs, event
generators, filter efficiency times cross-sections, and k-factors.
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Sample ID Name Generator e¢- 01 [pb]
105009 JO Pythia 9860800000
105010 1 Pythia 678180000
105011 ]2 Pythia 40982000
105012 J3 Pythia 2192900
105013 J4 Pythia 87701
105014 J5 Pythia 2350.1
105015 J6 Pythia 33.61
105016 J7 Pythia 0.13744
105017 J8 Pythia 0.0000062

Table A.4: Used dijet Monte Carlo samples with their corresponding sample IDs, event gen-
erators, and filter efficiency times cross-sections.
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